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Abstract 
Cellulose nanowhiskers (CNWs) are high aspect ratio rod-like nanoparticles with 
diameters on the order of a few nanometers.  For the very first time CNWs are 
demonstrated as a useful material for guided tissue engineering.  Due to their 
nanoscale dimensions and high aspect ratio, highly oriented spin coated surfaces 
of CNWs are shown to direct the morphology and terminal differentiation of 
myoblasts, allowing the culture of skeletal muscle-like tissue with a more 
physiologically relevant structure. 
CNWs are prepared from cellulose extracted from the tunicate Ascidiella sp. using 
acid hydrolysis to prepare high aspect ratio particles with diameters of 
approximately 5 to 6 nm.  A spin coating method is used to prepare sparsely 
adsorbed sub-monolayers of CNWs with a high degree of relative orientation.  The 
surfaces have a mean feature height of only 5.5 nm and the degree of CNW 
adsorption and orientation is modulated by altering the preparation procedure.  
When C2C12 myoblasts are seeded to the surfaces, the cells adopt highly 
oriented morphologies induced by the CNWs via contact guidance.  This is a 
demonstration of contact guidance on some of the smallest topographical features 
ever reported.  Furthermore, the highly oriented CNWs promote fusion and 
terminal differentiation of the myoblasts to form multinucleated myotubes with a 
striking degree of parallel orientation. 
CNW surfaces are also shown to support the adhesion and spreading of human 
mesenchymal stem cells, inducing the adoption of highly oriented cell 
morphologies.  The ability of hMSCs to undergo cell fusion with C2C12 myotubes 
highlights the great potential for tissue engineering human skeletal muscle, using 
CNWs to direct the structure of the tissue.  The bioactivity and low cytotoxicity of 
CNWs, coupled with their low cost and simple production procedure, indicates that 
CNWs will be a useful material for tissue engineering and regenerative medicine. 
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1 Introduction and Literature Review 
Until the publication of the preliminary results from this project, cellulose nanowhiskers (CNWs) 
had never before been demonstrated as a suitable material for tissue engineering (Dugan et al., 
2010).  This introductory chapter will review the published literature on CNWs and highlight the 
properties and attributes which make them suitable for preparing tissue engineering scaffolds and 
as a tool to better understand contact guidance in myoblasts.  The structure and development of 
skeletal muscle will then be discussed and a review of published examples of muscle tissue 
engineering will be given along with a review of various attempts to differentiate mesenchymal 
stem cells (hMSCs) down the myogenic lineage.  Firstly, however, a brief introduction to 
biomaterials, tissue engineering and the control of cells using defined topography will be given. 
1.1 Biomaterials 
The research and development of biomaterials, both fundamental and applied, is a highly varied 
and multidisciplinary field involving, amongst others, clinicians, chemists, biologists, materials 
scientists, engineers and chemical engineers.  The term “biomaterials” is used in this thesis to 
describe applications in which biological systems interface with either synthetic or naturally derived 
materials, as described by Ratner and Bryant (Ratner and Bryant, 2004). 
Towards the middle of the 20th century, significant advances were made in the application of 
materials science and engineering to medicine.  The first dialysis membranes, vascular grafts, 
intraocular implants and total hip replacements were all developed using pre-existing materials that 
were originally developed for other purposes (Langer and Tirrell, 2004).  In recent years, however, 
the focus of biomaterials development has shifted to a bottom-up approach in which materials are 
designed and modified to actively elicit desired responses from a particular biological system using 
defined chemical and physical cues (Mitragotri and Lahann, 2009).  Biomaterials range from simple 
wound dressings to dialysis membranes, biosensors and tissue engineering scaffolds (Ratner and 
Bryant, 2004). 
There are many different factors that may affect the response of cells growing on a given material.  
The biocompatibility of a material, for example, depends in part on the way in which different 
proteins adsorb at the material/blood (or material/growth medium) interface.  The interfacial free 
energy, which induces protein adsorption, is related to the hydrophobic/hydrophilic balance and is 
thought to be a key material property that may affect cell response (Wang et al., 2004).  In addition 
the mechanical properties (Engler et al., 2006), chemical functionality (Faucheux et al., 2004), 
surface charge (Wang et al., 2004), topography (Biggs et al., 2010) and surface roughness 
(Anselme and Bigerelle, 2011) are all critically important factors that contribute to the overall 
biocompatibility and bioactivity of a particular material. 
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1.1.1 Tissue Engineering Using Biomaterials 
Tissue engineering seeks to use living cells to restore damaged tissue in a variety of ways.  In 
general, cells are cultured on biodegradable and bioactive scaffolds that mimic the extracellular 
matrix to guide cells in their proliferation and differentiation to produce three-dimensional tissues 
(Place et al., 2009).  Various properties of tissue engineering scaffolds may affect their 
performance.  It has been suggested that scaffolds must be three-dimensional, porous (with 
interconnected pores), bioresorbable and biocompatible (Hutmacher, 2000).  They must also 
possess mechanical properties that match those of native tissue and degradation properties that 
match the rate of synthesis of new extracellular matrix (Hutmacher, 2000). 
There have been countless attempts to produce tissue engineering scaffolds for a wide variety of 
different tissue types and organs.  For example, self-assembled peptide amphiphile fibres and 
polyesters have been suggested for engineering collagenous tissue (Cen et al., 2008) and Layer-
by-Layer (LBL) films of polyanions and polycations have been proposed for tissue engineering liver 
(Wittmer et al., 2008).  Polycaprolactone/hydroxyapatite composite nanofibres have been used to 
engineer bone using mesenchymal stem cells (Chen and Chang, 2011) and decellularized human 
tissue has been used for tissue engineering of the larynx (Baiguera et al., 2011).  The general field 
of tissue engineering is too large and diverse to provide a full review here but specific examples of 
tissue engineering using cellulose are given in Section 1.3 and tissue engineering of skeletal 
muscle is reviewed in Section 1.6. 
1.1.2 Cell Response to Biomaterial Topography 
The observation that cells respond to the topography of their environment may be traced back to 
the work of Weiss (1934) who observed that nerve cells extended oriented neurites parallel to the 
fibres of an oriented fibrin clot.  Weiss coined the term “contact guidance” and suggested that 
contact with some form of oriented biomolecule on the outside of the fibrin fibres induced the cells 
to adopt an oriented morphology (Weiss, 1934).  Some years later, Curtis and Varde (1964) 
suggested that topography itself, as opposed to adsorbed biomolecules, is sufficient to induce 
changes in cell motility and morphology (Curtis and Wilkinson, 1998).  Over the subsequent 
decades countless findings in support of this concept have been published (Clark et al., 1991; 
Curtis and Wilkinson, 1997; Liliensiek et al., 2006).  The control of cell behaviour using 
topographical cues, either deliberately or accidentally, is of fundamental importance for biomaterial 
applications such as tissue engineering (Curtis and Wilkinson, 1998).  An overview of the 
application of microscale topographical cues to guide skeletal muscle cells for tissue engineering is 
given in Section 1.6. 
In recent decades, advances in the microelectronics industry and the associated development of a 
range of powerful microfabrication techniques has allowed the design of a wide range of model 
nanoscale topographies with which to probe the effects, limits and underlying mechanisms of 
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contact guidance.  Loesberg et al. (2007) sought to define the lowest size of topographical feature 
(ridges/grooves) that can induce contact guidance in fibroblasts.  By using electron beam 
lithography to produce moulds which could be pressed into polystyrene, a series of surfaces with 
nanogrooves ranging in depth from 5 nm to 350 nm were produced.  The shallowest grooves that 
were found to induce contact guidance were 35 nm deep in this case (Loesberg et al., 2007).  Such 
attempts to define minimum dimensions to induce contact guidance are complicated, however, by 
the variable dependence of different cell types on topography as illustrated by Biela et al. (2009).  
Plasma treated polydimethylsiloxane substrates with grooves of 2-10 μm width and 50-100 nm 
depth were utilized in order to probe differences in contact guidance in fibroblasts, endothelial cells 
and smooth muscle cells.  In general, narrower and deeper grooves were found to increase cell 
orientation, but the fibroblasts were found to be more sensitive than the other two cell types.  
Grooves of only 50 nm depth were found to be sufficient to induce contact guidance in fibroblasts, 
whereas a depth of around 100 nm was required in order to induce contact guidance in endothelial 
and smooth muscle cells (Biela et al., 2009).  Due to the wide range of topography dimensions, 
materials and cell types published in the literature on contact guidance, Crouch et al. (2009) 
suggested that groove (or ridge) aspect ratio (the ratio of width versus depth) is a useful parameter 
for defining topography for contact guidance studies.  Using an imprinting method in tissue culture 
polystyrene, a range of groove aspect ratios were produced and fibroblasts were found to adopt 
highly oriented morphologies on grooves with aspect ratios of only 0.05 (Crouch et al., 2009).  
Although a compelling argument, however, this study utilised topography with lateral dimensions 
mainly on the microscale. 
It has been suggested by Ohara and Buck (1979) and den Braber et al. (1998) that the mechanism 
by which cells sense oriented topography such as ridges and grooves is via focal adhesions 
formed from the accumulation of adhesion-mediating transmembrane integrin receptors and their 
associated intracellular proteins which link them to components of the cytoskeleton (den Braber et 
al., 1998; Ohara and Buck, 1979).  It was proposed that the edge of a ridge or groove effectively 
disrupts the assembly of focal adhesions and that narrower spacing between such features acts to 
limit the number of possible orientations that the focal adhesions can adopt.  As cytoskeletal 
components, such as stress fibres, emanate from focal adhesions, the orientation of the adhesions 
could consequently modulate the morphology and orientation of the whole cell.  Unfortunately, 
possibly due to the difficulty of fabricating extremely narrow ridges or grooves, there have not been 
any reports of the minimum dimensions of such structures required for cell adhesion other than 
those concerned with depth such as the work of Loesberg et al. (2007). 
Several studies investigating the effect of nanoscale pillars and pits on the formation of cell 
adhesions may well give some indication into how cells sense nanotopography in general.  The 
parameters of diameter, pitch and height are critically important for dictating the way that cells 
interact with the topography via focal adhesions (Biggs et al., 2010).  On topographical features 
with heights higher than a critical value, adhesions will be localised purely on the tops of the 
features, provided that the spacing between features is small enough.  This effect was 
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demonstrated by Kim et al. (2005) who showed that the adhesion of cardiomyocytes was reduced 
on nanopillars of 100 nm diameter and 400 nm height (Kim et al., 2005).  In addition, focal 
adhesions are strongly disrupted on features with diameters less than a critical value and spacings 
and heights greater than the same critical value, as demonstrated by Lee et al. (2008).  The 
adhesion of fibroblasts was shown to be strongly disrupted on nanorods of 50 nm diameter and 
500 nm height.  The disruption of adhesions was so extensive that cell death soon followed (Lee et 
al., 2008).  In a recent review, Biggs et al. (2010) proposed that 70 nm is a likely value for the 
critical dimensions of nanotopography.  For feature diameters and inter-feature spacings of greater 
than 70 nm and heights of less than 70 nm, adhesions with the substrate will also occur in addition 
to adhesions on the top of features and no perturbation of adhesions is likely to occur.  It is likely 
that the critical dimension of 70 nm is related in some way to the mechanism of integrin clustering 
to form focal adhesions (Biggs et al., 2010). 
Although studies that employ highly defined nanotopography do not represent the real nature of the 
cell microenvironment in vivo or tissue engineering scaffolds, the information that such studies 
provide may be used in order to design bioactive scaffolds and materials that elicit the desired cell 
response.  In addition to defined microengineered topography, more complex materials such as 
fibrous scaffolds may also induce contact guidance in cells in vitro.  Examples of such studies are 
given for skeletal muscle tissue engineering in Section 1.6. 
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1.2 Cellulose 
Cellulose has been the subject of scientific investigation for over 150 years and interest in 
cellulosic materials continues to grow.  With the increasing importance of renewable and 
environmentally benign materials and chemical feedstocks, cellulose research is set to continue at 
the heart of a large and important industry worldwide (Klemm et al., 2005).  Accounting for about 
1.5×10
12
 tons of natural biomass production each year, cellulose is the most abundant polymer on 
earth and arguably the most important structural material in nature (Klemm et al., 2005; Wertz et 
al., 2010).  Although cellulose also occurs in algae, various species of bacteria and even some 
marine animals, the majority is produced by higher plants (Saxena and Brown, 2005).  While its 
use as a chemical feedstock dates back to the nineteenth century, the biosynthesis of cellulose is 
thought to have been occurring for over 3.5 billion years (Klemm et al., 2005). 
Cellulose was discovered by French scientist Anselme Payen in 1838 (Payen, 1838; Wertz et al., 
2010).  Although the principle component of many natural fibres, cellulose is also the raw material 
of viscose which is the oldest commercial manmade fibre, invented by Cross, Bevan and Beadle in 
1892 (Cross et al., 1893), and which remains a commercially important fibre today.  By the early 
20
th
 century, cellulose had also become an important feedstock for the production of early plastics 
such as cellulose nitrate which was used as an explosive and in celluloid photography film, 
arguably the first plastic material (Wertz et al., 2010). 
1.2.1 Structure and Properties 
On a molecular level cellulose is a linear homopolymer of D-glucose with a disaccharide repeat unit 
called cellobiose (Figure 1.1) (Wertz et al., 2010).  Cellobiose consists of two glucose units joined 
by a β(1-4) glycosidic bond.  Each cellobiose repeat unit features 6 hydroxyl groups and 2 
glycosidic bonds.  The hydrophilicity and chemical reactivity of cellulose largely arises from these 
functionalities and many of its physical properties are the result of intermolecular and 
intramolecular hydrogen bonding between the hydroxyl groups of neighbouring cellulose chains or 
adjacent glucose repeat units.  So stable is this bonding that cellulose is insoluble in water, in spite 
of its hydrophilicity, and it is notoriously difficult to dissolve in organic solvents.  More exotic 
systems such as carbon disulfide (viscose process), Lithium chloride/dimethylacetamide, N-
methylmorpholine-N-oxide (Lyocell process) and room-temperature ionic liquids such as 
butylmethylimmidazolium salts are required to dissolve cellulose fully.  The hydroxyl groups of 
cellulose are also responsible for the nucleophilic reactivity that allows the production of cellulose 
derivatives such as cellulose acetate and nitrocellulose (Wertz et al., 2010). 
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Figure 1.1  - Molecular structure of cellobiose, the disaccharide repeat unit of cellulose.  
Each cellobiose disaccharide consists of two D-glucose moieties liked via a β(1-4) glycosidic bond. 
Of greater interest for this study is the reactivity of the glycosidic bond which is susceptible to 
hydrolysis.  In addition to enzyme-mediated hydrolysis, β(1-4) glycosidic bonds may be hydrolysed 
by acids and alkalis.  Acid hydrolysis of cellulose was reported by Calvert (Calvert, 1855) not long 
after the discovery of cellulose.  Although there is more than one possible mechanism for acid 
hydrolysis, the predominant mechanism is thought to be the one shown in Figure 1.2.  Cellulose is 
also known to be degraded by strong bases such as metal hydroxides, although the mechanism is 
unclear (Wertz et al., 2010). 
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Figure 1.2 – Mechanism of acid catalysed hydrolysis of cellulose.  The glycosidic oxygen is 
protonated by acid to form an unstable oxonium ion.  The glycosidic bond cleaves to liberate one 
equivalent of glycan.  The resulting carbonium ion is attacked by water to regenerate the second 
equivalent of glycan.  R = adjacent glucose moiety in the cellulose chain.  Reproduced and 
modified from Wertz et al. (2010). 
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1.2.2 Sources of Native Cellulose 
Higher plants provide the most important source of cellulose.  Cotton fibres from the “boll” that 
surrounds the cotton seed (and especially the fine fibres of “linter” attached directly to the seed) are 
almost entirely composed of pure cellulose (Klemm et al., 2005).  However large woody plants, 
such as many species of tree, are arguably the most important industrial source of cellulose.  The 
cellulose itself is found in the plant cell walls, where it is synthesised as microfibrils, deposited in an 
ordered structure and crosslinked by various other substances such as lignin, xyloglucans, pectins, 
and glucuronoarabinoxylans (Wertz et al., 2010).  The relative proportions of these constituents 
and the physical arrangement of the cellulose fibrils varies between plant species.  In general, 
however, wood pulp must undergo a series of extensive purification processes in order to yield 
reasonably pure cellulose (Klemm et al., 2005). 
In addition to higher plants, cellulose is also produced by various algae, some fungi, several 
species of bacteria (see Figure 1.3) and virtually all tunicates (Klemm et al., 2005).  Although first 
identified in the early 20
th
 century, the number of publications on bacterial cellulose has increased 
significantly during recent years (Chen et al., 2010).  Interest in bacterial cellulose is due mainly to 
the purity of the cellulose compared to plant cellulose, as well as the long fibre length, high degree 
of crystallinity and web-like structure of the secreted pellicles.  In particular, interest in bacterial 
cellulose for medical applications is increasing due to its unique combination of mechanical 
properties, porosity, biocompatibility and ability to maintain a moist wound healing environment 
(Chawla et al., 2009).  The medical applications of bacterial cellulose will be discussed further in 
Section 1.3. 
   
Figure 1.3 – Photograph of a never-dried pellicle of bacterial cellulose produced in vitro. 
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Tunicates are marine filter feeders characterized by a pair of siphons, through which a flow of 
water is maintained, as well as some form of leathery casing (“tunic”) which is partially constituted 
of cellulose (Kimura and Itoh, 2007, see Figure 1.4).  They encompass about 3000 known species, 
including sessile varieties (the ascidians) that adhere to rocks and other coastal structures, and 
pelagic varieties (the appendicularians) that are free floating.  They are the only animals that are 
known to produce cellulose (Kimura and Itoh, 2007), a fact that is somewhat surprising considering 
that their taxonomic classification places them in the phylum Chordata which is shared by 
vertebrates (Benton, 2005) which makes them an evolutionary cousin of mammals.  It has been 
suggested that the ability to synthesise cellulose resulted from horizontal transfer from bacteria as 
opposed to vertical transfer via a classical evolutionary mechanism (Nakashima et al., 2004), which 
goes some way to explaining why tunicates are unique among animals in this respect. 
   
Figure 1.4 – Anatomical diagram of a typical sessile tunicate such as Ascidiella sp.  The 
cellulose containing tunic forms the protective outer layer of the animal which is usually anchored 
at the base to a firm substrate.  Reproduced and modified from Benton (2005). 
1.2.3 Crystallinity and Supramolecular Structure 
Cellulose microfibrils have many highly crystalline regions due to the linear and conformationally 
homogeneous nature of the cellulose polymer and the extensive intermolecular hydrogen bonding 
between adjacent cellulose chains.  The degree of crystallinity and size of the crystalline regions is 
largely dependent on the natural source of the cellulose.  For example, the degree of crystallinity 
may vary from around 50% in many plants to about 60% in bacterial cellulose, 80% in tunicates 
and up to 90% in some algae (Klemm et al., 2005; Wertz et al., 2010). 
The crystalline regions of native cellulose microfibrils may be of one of two crystal forms called Iα 
and Iβ, the relative proportions of which vary from species to species (Nishiyama et al., 2003).  
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Cellulose Iα has a triclinic single-chain unit cell and cellulose Iβ has a monoclinic double-chain unit 
cell.  In both cases the chains are stacked parallel to each other (in the same direction) but differ in 
the displacement from one stacked chain to the next.  There are also three more polymorphs of 
cellulose that may be prepared by various means from native cellulose I.  Cellulose III and 
Cellulose IV are regarded as variations of cellulose I.  Cellulose II, however, is industrially 
significant as it is formed when native cellulose is mercerized or regenerated from solution in 
certain solvents or from chemical derivatives.  It differs from the cellulose I family of polymorphs in 
that its double-chain monoclinic unit cell is formed from chains stacked anti-parallel to each other 
(i.e. running in opposite directions) (Wada et al., 2004). 
The crystallinity of native cellulose arises simultaneously with biosynthesis.  In general, the 
biosynthesis of cellulose occurs in rosette-shaped complexes found in the plasma membrane of 
the cellulose producing cell.  These rosettes are comprised of enzyme complexes (“terminal 
complexes”) that orchestrate the biosynthesis and assembly of fibrils.  The rosettes have a 
diameter of approximately 30 nm and typically “spin” around 36 cellulose chains simultaneously.  
This concerted synthesis of several chains at once leads to the immediate crystallization of the 
cellulose into a crystalline, elementary fibril which in turn may aggregate into larger microfibrils and 
then into larger fibres (Habibi et al., 2010b).  The exact shape and arrangement of the rosette 
complex and the resulting cellulose fibrils varies from organism to organism.  The fate of the 
cellulose fibrils immediately post synthesis as well as the geometrical and spatial nature of the 
environment of the rosette complex also heavily determines the nature of the cellulose fibrils, both 
in terms of dimensions and crystallinity.  Defects may occur in the cellulose fibrils due to 
mechanical deformation during or immediately following biosynthesis.  These defects are 
disruptions in the crystalline structure of the fibril and may therefore be considered amorphous 
(Habibi et al., 2010b).  The dimensions, structure and crystallinity of the cellulose fibrils ultimately 
determines the possibility of preparing CNWs and their resulting properties. 
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1.3 Cellulose as a Biomedical Material 
Cellulose has been used for many years as a biomedical material in applications such as dialysis 
and wound care (Miyamoto et al., 1989; Walker et al., 2003).  As the areas of tissue engineering 
and regenerative medicine continue to grow, however, increasing attention is being drawn to 
cellulose as a possible material for use in regenerative therapies.  The properties and structure of 
cellulosic materials, as applicable to this area, depends greatly on the source of the cellulose and 
the processing methods employed.  
1.3.1 Biocompatibility and Biodegradation Properties 
Broadly speaking, cellulose has been found to be biocompatible both in vitro and in vivo (Hart et 
al., 2002; Helenius et al., 2006; Martson et al., 1999; Miyamoto et al., 1989; Svensson et al., 2005; 
Wippermann et al., 2009; Yokota et al., 2008) and biodegradable/resorbable to differing degrees 
depending on pre-treatment, processing, form and cellulase treatment (Entcheva et al., 2004; 
Martson et al., 1999; Miyamoto et al., 1989).  Recently, Yokota et al. (2008) produced model 
nanofilms of different cellulose polymorphs and derivatives in an attempt to assess the effects of 
cellulose crystal form and derivatization on bioactivity in vitro (Yokota et al., 2008).  Briefly, a 
cellulose solution in N-methylmorpholine-N-oxide was modified at the reducing end with 
thiosemicarbazide.  Thin films of cellulose II were then cast by spin coating onto glass followed by 
coagulation in ethanol.  Self assembled monolayers (SAMs) were also prepared from the cellulose-
thiosemicarbazide NMMO solution on gold sputtered surfaces, thereby effectively forcing a 
cellulose I crystal structure upon the regenerated cellulose by assembling the cellulose reducing 
ends and ensuring a parallel arrangement of polymer chains.  Similar SAMs were also prepared for 
methylcellulose and hydroxyethylcellulose.  Rat hepatocytes were cultured on the various surfaces 
with strikingly different results.  Almost no cells adhered to the cellulose II or hydroxyethylcellulose 
surfaces whereas the cells adhered, spread and proliferated well on the cellulose I SAMs and 
methylcellulose surfaces.  Indeed some attachment was even observed on the cellulose I SAMs in 
serum-free conditions suggesting that specific interaction may exist between these surfaces and 
rat hepatocytes (Yokota et al., 2008). 
Miyamoto et al. (1989) found that the degradation of cellulose and cellulose derivatives in vivo in 
canine specimens depended significantly on the cellulose crystalline form and chemical 
derivatization.  Regenerated cellulose prepared by deacetylation of cellulose acetate (presumably 
highly crystalline cellulose-II) did not measurably degrade at all over the course of the six week 
experiment.  In contrast, however, up to 75% (w/w) of equivalent samples of amorphous 
regenerated cellulose were degraded and absorbed over the same experimental period.  Equally 
strikingly, degradation and absorption of up to 95% by weight was observed over four weeks for 
methylcellulose, whereas no measurable degradation at all was observed for ethylcellulose.  
Histological assessments of foreign body responses showed that all cellulosic samples were 
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relatively well tolerated, although only the highly crystalline regenerated cellulose induced no 
immunological response at all (Miyamoto et al., 1989). 
Helenius et al. (2006) assessed the biocompatibility of highly crystalline bacterial cellulose by 
subcutaneous implantation in rats.  No macroscale inflammatory response was observed on 
explantation and histology revealed no evidence of inflammation or foreign body response.  The 
less dense regions of the fibrous samples were also found to allow ingrowth of surrounding cells, 
indicating potential suitability as a tissue engineering scaffold (Helenius et al., 2006). 
A long term 60 week implantation study was carried out by Märtson et al. (1999) to determine the 
biocompatibility of a composite cellulose sponge consisting of cotton fibres surrounded by a porous 
matrix of cellulose regenerated from viscose solution (sodium xantogenate).  Histological 
assessment of the subcutaneously implanted samples revealed that the porous structures had 
become filled with connective tissue after just 4 weeks.  Although the implants did trigger a 
moderate foreign body response, this was observed to diminish over the course of the study.  
Degradation of the implants was observed from about 16 weeks, with softening of the pore walls 
and fragmentation of the implant.  The implants were not fully degraded over the course of the 60 
weeks, however, leading the authors to designate the composite sponge “a slowly degradable 
implantation material” (Martson et al., 1999). 
In summary, the various studies presented on the biocompatibility and degradation of cellulose are 
difficult to compare to one another due to the wide range of methodologies and cellulose 
preparations.  In general, however, cellulose may be considered to be broadly biocompatible 
invoking only moderate (if any) immunogenesis in vivo.  In terms of degradation, cellulose may be 
considered non-biodegradable in vivo due to the lack of cellulase enzymes in animals.  The form 
(i.e. crystallinity, hydration and swelling) of the cellulose may determine the degree of degradation, 
however, although the kinetics of degradation will be inevitably slow.  To date no studies on the 
biodegradation of CNWs have been reported. 
1.3.2 Applications for the Treatment of Wounds 
The application of dressings to wounds and external tissue trauma has been practiced for 
thousands of years (Walker et al., 2003).  In recent years, however, clinical practice has shifted 
from the use of simple protective gauze-type dressings to more sophisticated products that actively 
optimize the wound healing environment.   The processes that occur during wound healing are 
various, complex and highly orchestrated (Singer and Clark, 1999).  In various circumstances, such 
as very large wounds or the wounds of patients with diabetes or compromised immune systems, 
these processes can become perturbed or unbalanced resulting in the formation of ulcers (chronic 
wounds) or inferior healing (Singer and Clark, 1999).  In recent years, various cellulosic materials 
have been developed to optimise wound healing conditions or to specifically address particular 
problems in abnormal wound healing.  Fibrous carboxymethylcellulose dressings, for example, 
have been shown to help regulate wound healing by absorbing very large quantities of wound 
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exudate, while maintaining a moist healing environment and preventing maceration (pooling of 
excess exudate at the wound site) (Walker et al., 2003).  These fibrous hydrogel dressings have 
even been shown to immobilise pathogenic bacteria from infected wounds within the swollen gel 
matrix, thereby avoiding redispersal of the bacteria upon removal of the dressing (Walker et al., 
2003). 
Never-dried bacterial cellulose has also recently been identified as a promising dressing for chronic 
wounds and severe burns (Czaja et al., 2007).  Such dressings were found to be highly mouldable 
and conformed well to the contours of the body (e.g. to treat facial injuries) while providing a moist 
healing environment.  Not only did these dressings promote faster reepithelialisation of burns but 
they also provided enhanced pain relief compared to standard treatments (Czaja et al., 2007). 
Oxidised regenerated cellulose has also been used for many years as a hemostatic agent (reduces 
bleeding) in surgical applications (Hart et al., 2002).  Bioresorbable porous scaffolds prepared from 
oxidised regenerated cellulose and collagen have been found to significantly improve wound 
healing in diabetic mice (Hart et al., 2002).  As well as promoting the proliferation and migration of 
fibroblasts, a cell type found in granulation tissue, this material was also shown to act as a sink for 
excess proteases, free radicals and metal ions, all of which are characteristic of chronic wounds 
(Hart et al., 2002).  A clinical trial of a similar material was carried out by Veves et al. (2002) for the 
treatment of diabetic foot ulcers.  The overall improvement in wound closure time was not 
statistically significant, although borderline significance (p = 0.056) was observed for patients with 
ulcers that lasted for less than 6 months.  Practitioners and patients expressed a strong preference 
for the oxidised cellulose/collagen dressing, however, when compared to standard moistened 
gauze treatment (Veves et al., 2002).  It is interesting to note that, due to the interruption of 
intermolecular hydrogen bonding, oxidised cellulose is regarded as a rapidly absorbable, 
degradable polymer. 
1.3.3 Biochemically modified Cellulosic Materials 
Due to its chemical reactivity (see Section 1.2) and specific affinity for certain biomolecules, 
cellulose is an ideal substrate for biochemical modifications.  Cellulose binding domain (CBD) is a 
sequence of about 100 amino acids that form the binding region of various cellulase enzymes 
(Shoseyov et al., 2006).  It has been shown to be possible to conjugate CBD with other peptides 
and factors which may then bind strongly to cellulose surfaces lending them new bioactive 
properties (Doheny et al., 1999; Jervis et al., 2005; Shoseyov et al., 2006; Wierzba et al., 1995).  
Wierzba et al. (1995) produced a CBD-RGD conjugate in which the RGD peptide mimicked the 
binding site on fibronectin to which cells that bind via integrins attach.  The CBD-RGD modified 
cellulose surfaces were found to promote the adhesion of cells, in serum free media, that would 
ordinarily attach to fibronectin via integrins (Wierzba et al., 1995).  Doheny et al. (1999) and more 
recently Jervis et al. (2005) produced stem cell factor (SCF) conjugates with CBD which were then 
immobilized on cellulose surfaces.  The action of the immobilised SCF was found to be many times 
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more potent than free SCF in solution, due to persistent stimulation of the bound cells (Doheny et 
al., 1999; Jervis et al., 2005). 
Kalaskar et al. (2008) took advantage of the nucleophilic reactivity of the surface hydroxyl groups 
of cellulose fibres by using solid state peptide synthesis techniques to conjugate a range of 
naturally occurring amino acids directly onto the cellulose surface.  The adhesion of fibroblasts was 
shown to be modulated by the amino acids with significantly greater adhesion observed for the 
bound aromatic amino acids and in particular tryptophan.  This was shown to be due to greater 
adsorption of fibronectin to the cellulose surfaces while maintaining the correct protein 
conformation (Kalaskar et al., 2008).   
More recently, Fink et al. (2011) used the affinity of xyloglucan for cellulose in order to adsorb an 
RGD-conjugated xyloglucan onto bacterial cellulose scaffolds (Fink et al., 2011).  The modification 
led to increased endothelial cell adhesion and metabolism on the scaffolds.  Such modification 
techniques, taking advantage of the natural properties of cellulose, are likely to prove useful for a 
wide range of tissue engineering and other biomedical applications. 
1.3.4 Cellulose for Tissue Engineering 
In recent years cellulose has been given serious consideration as a material for the production of 
tissue engineering scaffolds.  As well as solvent cast cellulose acetate and regenerated cellulose 
(Entcheva et al., 2004), bacterial cellulose has attracted interest due to its highly porous, 
nanofibrous three-dimensional structure (Backdahl et al., 2006; Svensson et al., 2005; 
Wippermann et al., 2009; Yang et al., 2011). 
Entcheva et al. (2004) proposed that cellulose acetate might be a suitable material for the 
production of scaffolds for cardiac tissue engineering.  Cellulose acetate films were solvent cast 
and impressed with various moulds to produce nanoscale topographies.  The proliferation of 
primary cardiomyocytes on these films was found to be comparable to commercial tissue culture 
plastic (positive control) and the formation of cell-cell gap junctions and electrically active cell 
constructs, both essential in cardiac tissue, was found to be improved.  The degradation properties 
of these films were assessed before and after deacetylation and using cellulase enzymes to 
promote degradation.  The biocompatibility of the cellulases was also tested with different cell 
types plated on the cellulose surfaces.  Interestingly, the response of the cells to the enzymes was 
found to be cell-specific with primary cardiac fibroblasts losing attachment to the cellulose surfaces 
but primary cardiomyocytes being completely unaffected as far as could be observed by 
immunocytochemistry (Entcheva et al., 2004). 
Bacterial cellulose is formed in highly crystalline fibrous pellicles which have been proposed as 
“ready-made” tissue engineering scaffolds due to their unique combination of properties and xeno-
free production methods.  In an in vitro study, Svensson et al. (2005) found that bacterial cellulose 
was a promising material for use in tissue engineered cartilage.  When compared to standard 
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tissue culture treated plastic and calcium alginate, bacterial cellulose was found to increase 
chondrocyte proliferation and also allowed ingrowth of cells into the three dimensional matrix.  
Although a scaffold prepared from collagen type II, as found in natural cartilage, promoted greater 
chondrocyte proliferation, the mechanical properties of the bacterial cellulose were much closer to 
those of natural cartilage than calcium alginate.  In a macrophage activation study, no significant 
production of factors indicative of a positive immune response was observed, indicating that the 
bacterial cellulose in this case was likely to be biocompatible (Svensson et al., 2005). 
Bacterial cellulose scaffolds were also investigated for use in tissue engineered blood vessels by 
Backdahl et al. (2005).  The bacterial cellulose pellicle was found to be asymmetric with one side 
that was synthesised at the air/media interface being denser than the opposite side.  Excellent 
attachment, proliferation and ingrowth of human smooth muscle cells were observed and the 
mechanical properties of the scaffold were found to be similar to those of the carotid artery, 
presumably due to structural similarities (Backdahl et al., 2006).  More recently, Yang et al. (2011) 
fabricated three-dimensional composite scaffolds from bacterial cellulose and agarose.  The 
scaffolds supported the adhesion and proliferation of human mesenchymal stem cells, indicating 
that bacterial cellulose could be a useful material for tissue engineering using multipotent stem 
cells in addition to terminally differentiated cell types (Yang et al., 2011). 
In vivo studies on bacterial cellulose scaffolds have also been carried out.  Wippermann et al. 
(2009) investigated fibrous, cylindrical scaffolds for tissue engineering blood vessels.  The bacterial 
cellulose was found to promote the rapid regrowth of endothelial cells on the lumen of the implant.  
At explantation, the striated structure of tissue at the implantation site was found to be almost 
indistinguishable from the rest of the vessel with no increase in the density of lymphocytes, giant 
cells or other indicators of immune responses.  Although fragments of non degraded cellulose were 
present at the implantation site, this did not appear to adversely affect the regeneration of tissue 
leading the authors to suggest that this material could offer a significant clinical improvement over 
the current standard treatments (Wippermann et al., 2009). 
The low rate of biodegradation of native cellulose has also been addressed recently by Hu and 
Catchmark (2011).  By incorporating cellulose enzymes along with buffering agents into bacterial 
cellulose scaffolds, the rate of degradation was significantly increased with up to 97% final 
degradation to glucose (Hu and Catchmark, 2011).  Such methods could pave the way to the 
development of tissue engineering scaffolds with the correct combination of biocompatibility and 
degradation properties while maintaining physiologically relevant mechanical properties which are 
lacking in many synthetic and xenogenic scaffold materials. 
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1.4 Cellulose Nanowhiskers 
The discovery of cellulose nanowhiskers was born out of work carried out by several groups in the 
late 1940s and 1950s.  Battista (1950) reported the production of crystalline particles of cellulose 
by hydrochloric acid hydrolysis to yield what would later be known as microcrystalline cellulose 
(MCC), an important particulate additive to this day with applications in the pharmaceutical and 
food industries (Battista, 1950).  Battista had built on work by Nickerson and Habrle (1947) who 
reported that the acid hydrolysis of cellulose levelled off at a degree of hydrolysis that was far short 
of completion, due most likely to crystalline regions of cellulose fibrils that were resistant to 
hydrolysis (Nickerson and Habrle, 1947).  The actual discovery of CNWs is attributed to Ranby 
(1949) who first reported the production of suspensions of colloidal cellulose “micelles” with 
dimensions of about 6 nm × 60 nm produced via sulfuric acid hydrolysis of native cellulose (Ranby, 
1949).  Later Marchessault et al. (1959) showed that birefringent liquid crystalline phases could be 
produced from such suspensions and drew parallels with the behaviour of tobacco mosaic virus 
(Marchessault et al., 1959).  However, interest in CNWs only began to grow after the publication of 
a study by Revol et al. (1992) several decades later which showed that a chiral nematic 
(cholesteric) liquid crystalline phase is formed in aqueous suspensions of CNWs above a critical 
concentration (Revol et al., 1992).  More recently, CNWs have been identified as a potentially 
useful material in the development of novel optical components (Cranston and Gray, 2008), drug 
delivery carriers (Roman et al., 2009) and nanocomposites (Eichhorn et al., 2010). 
1.4.1 Methods of Preparation 
Several specific methods have been published for producing cellulose nanowhiskers, but the vast 
majority employ hydrolysis by strong acids.  It is thought that the hydrolysis of the amorphous 
regions of cellulose fibrils occurs preferentially over of the crystalline regions due to kinetic factors 
and reduced steric hindrance in the amorphous (defect) regions (Habibi et al., 2010b, see Figure 
1.5).  The result of this partial hydrolysis is nanoscale high aspect ratio particles (i.e. particles with 
a high ratio of length versus width) with lateral dimensions of a few nanometres and lengths of a 
few hundred nanometres to a few micrometers (Habibi et al., 2010b).  Sulfuric and hydrochloric 
acids are the most important reagents for preparing CNWs (Araki et al., 1998; Habibi et al., 2010b; 
Revol et al., 1992) although stable colloidal suspensions are not produced directly by hydrochloric 
acid hydrolysis.  Sulfuric acid, however, leads to a side reaction in which sulfate ester groups are 
formed on the CNW surfaces, giving the surfaces a net negative charge (Revol et al., 1992).  
Consequently suspensions of CNWs prepared via sulfuric acid hydrolysis are electrostatically 
stabilized without further derivitization. 
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Figure 1.5 – Production of CNWs from native cellulose.  Native cellulose consists of highly 
crystalline regions interspersed with amorphous defects.  Partial hydrolysis results in degradation 
of the defects with conservation of the crystalline regions in the form of nanoscale particulate 
CNWs. 
The dimensions of the resulting CNWs may be modulated to a certain extent by adjusting the 
reaction conditions.  Dong et al. (1998) showed that the length of the CNWs was decreased and 
the magnitude of the surface charge increased by extending the hydrolysis period (Dong et al., 
1998).  This was confirmed by Beck-Candanedo et al. (2005) who also showed that longer reaction 
times yielded shorter less polydisperse CNWs (Beck-Candanedo et al., 2005).  The effect of 
James Dugan PhD 2011 
  34 
reaction temperature has also been investigated (Elazzouzi-Hafraoui et al., 2008).  Increased 
reaction temperature was shown to decrease the average length of the CNWs, although the effect 
of reaction conditions was not found to significantly affect CNW diameter.  It was suggested, 
therefore, that the lateral dimensions of CNWs may stem from the nature of the native cellulose 
raw material as opposed to the hydrolysis conditions.  Generally speaking CNWs prepared from 
highly crystalline native cellulose such as tunicin (cellulose from tunicates) and some algal 
cellulose such as from Valonia sp have higher aspect ratios than those from higher plants.  Typical 
tunicin CNWs, such as those described by Angles and Dufresne (2000) have diameters of around 
10-20 nm and lengths of about 1 μm (Angles and Dufresne, 2000).  By contrast, CNWs prepared 
from much less crystalline cellulose from wood have much smaller dimensions of about 5 nm by 
150 nm (Beck-Candanedo et al., 2005). 
1.4.2 Orientation of Cellulose Nanowhiskers 
One of the most important consequences of the shape and anisotropic properties of CNWs is their 
ability to form oriented phases and structures, either spontaneously or due to external factors.  As 
previously mentioned, some of the earliest reports of CNWs described their ability to form liquid 
crystalline phases (Marchessault et al., 1959; Revol et al., 1992).  In fact, suspensions of many 
types of rod-like particles, such as tobacco mosaic virus, are known to form liquid crystals, when 
the concentration of the suspension is higher than a critical value (Oldenbourg et al., 1988).  One 
relatively simple mechanism for this was given by Onsager (Onsager, 1949) who proposed that if 
two rods approach one another in a parallel orientation, the accessible volume available to the 
particle centres of mass is much greater than if the particles approach one another in a non-parallel 
conformation.  He therefore proposed that although there is a loss of orientational entropy when an 
array of particles all adopt the same orientation, this is outweighed by the gain in positional entropy 
which becomes increasingly significant as the concentration of rods (particles) is increased.  As 
such, when a suspension of colloidal rod-shaped particles is above a critical concentration, the 
adoption of an oriented (e.g. nematic) liquid crystalline phase occurs spontaneously due to a 
tendency for increases in entropy to occur.  CNWs form the chiral nematic liquid crystalline phase 
which is somewhat more complex than the phase described by Onsager.  The particles are 
arranged parallel to one another in sheet-like arrangement (nematic) stacked one above the other.  
The particle orientation in each sheet, however, is shifted relative to the sheet below, in a screw-
like (chiral) configuration (Figure 1.6).  It has been proposed that this chiral nematic phase results 
from some helical property of the CNWs themselves (Revol et al., 1992). 
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Figure 1.6 – Schematic of the chiral nematic liquid crystalline phase.  Rod-like particles are 
arranged parallel to one another in a sheet-like (nematic) arrangement.  Each sheet is offset 
around an axis orthogonal to the particle long axis forming a screw-like arrangement with a 
characteristic pitch. 
In addition to spontaneous orientation in suspension, CNWs may also be oriented by external 
magnetic fields, as first demonstrated by Sugiyama et al. (1992).  A strong external magnetic field 
of 7 T was shown to cause orientation of CNWs in suspension perpendicular to the applied field.  
This orientation was preserved in films formed by drying of the suspensions in situ (Sugiyama et 
al., 1992).  Like most organic compounds, cellulose is weakly diamagnetic and therefore forms an 
induced magnetic field in opposition to an applied external field.  This effect is exaggerated in 
CNWs, however, due to their crystallinity and lack of defects (Habibi et al., 2010b).  CNWs have 
also been shown to be oriented by strong alternating electric fields due to their crystalline 
anisotropy both in organic media (Bordel et al., 2006) and aqueous suspensions (Habibi et al., 
2008).  The orientation effect results in bulk birefringent phases which are tuneable by modulating 
the field strength. 
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1.4.3 Films of Cellulose Nanowhiskers 
Thin, well defined CNW films of nanoscale thickness have been produced by a variety of methods 
by several researchers.  Generally speaking, however, these methods are normally based on some 
kind of Layer-by-Layer (LbL) process in which CNWs are deposited along with alternating layers of 
some other material with an affinity for the CNWs.  This interaction is normally, although not 
always, electrostatic.  LbL films were first developed in the early 1990s by Decher et al. (1992).  
Very thin films were constructed by alternating adsorption of oppositely charged polyelectrolytes on 
charged surfaces (Decher et al., 1992).  The original polyelectrolytes used were polystyrene 
sulfonate and polyallylamine hydrochloride and the film thickness was found to increase linearly 
with increasing numbers of polyelectrolyte double layers.  Such methods have since been applied 
to cellulosic materials and in particular to CNWs which, although particulate in nature, may behave 
as polyelectrolytes if the CNWs have a net surface charge such as those produced via sulfuric acid 
hydrolysis.  
Jean et al. (2008) prepared LbL films from negatively charged CNWs and polystyrene sulfonate 
and positively charged polyethyleneimine and polyallylamine hydrochloride (Jean et al., 2008).  
More recently the same group demonstrated that LbL films could be prepared from CNWs and 
xyloglucan, a hemicellulose found in the cell walls of most plants (Jean et al., 2009).  Xyloglucan is 
a heteropolysaccharide implicated in the crosslinking of cellulose microfibrils in cell walls along with 
other polysaccharides and lignin.  The interaction between xyloglucan and cellulose is not fully 
understood but is unlikely to be simply electrostatic.  The LbL films produced were therefore 
assembled by some other interaction and provides a promising route to totally plant derived 
composites.  More recently, LBL films have been prepared from CNWs and other biomolecules by 
de Mesquita et al. (2010 and 2011) who employed chitosan and collagen as the counter-layer with 
CNWs, using electrostatic interactions and hydrogen bonding respectively in order to build up the 
multi-layers (de Mesquita et al., 2010; de Mesquita et al., 2011). 
Classical LbL techniques typically employ serial dipping and rinsing cycles in order to build up 
multiple double layers.  Spin-coating may be employed, however, as an alternative method in 
which aliquots of polyelectrolytes are deposited onto a substrate which is then rapidly spun in order 
to remove the excess polymer or colloidal particles.  This provides a convenient and semi-
automated means of production but also introduces significant shear flow into the process.  In two 
studies, Cranston and Gray (2006 and 2008) showed that LbL films of CNWs prepared by spin-
coating were highly birefringent indicating that there was a significant degree of orientation of the 
CNWs, radiating out from the centre of the samples (i.e. from the axis of the spin coater) (Cranston 
and Gray, 2006; Cranston and Gray, 2008).  These studies form the basis and inspiration for the 
method used to prepare the CNW surfaces in this project.  The modified method is described in 
detail in Section 2. 
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More recently, Aulin et al. (2009) also employed spin-coating to prepare LbL films of CNWs, but 
reported no bulk orientation of the CNWs in the film (Aulin et al., 2009).  This was possibly due to 
differences in the spin coating regime and rotational speed of the spin coater.  Winter et al. (2010) 
also used spin coating to prepare surfaces of CNWs although LbL assembly was not employed 
(Winter et al., 2010).  The colloidal stability of the CNWs was shown to be essential for the 
preparation of uniform films, although no CNW orientation was reported.  It is also possible to 
prepare sparsely adsorbed sub-monolayers of CNWs by controlling the CNW concentration using 
spin-coating as the deposition method (Kontturi et al., 2007). 
Recently, a Langmuir-Schaefer method for deposition of CNW films was demonstrated (Habibi et 
al., 2010a).  In the Langmuir-Schaefer regime, a monolayer is deposited onto a solid surface from 
the gas-liquid interface.  This was the first demonstration of uniform CNW deposition onto a 
hydrophobic surface and provides an alternative method of CNW deposition.  Another alternative 
method was also described recently by Csoka et al. (2011) who demonstrated a novel technique 
which combined shear flow and a weak electric field in order to deposit a thin (38 nm) and uniform 
film of CNWs which was also highly oriented, in a single step (Csoka et al., 2011).  Interestingly, in 
this regime only a weak field was required providing a more practical implementation of CNW 
orientation by electric fields. 
1.4.4 Biological Interactions of Cellulose Nanowhiskers 
Prior to the publication of the preliminary results of this project (Dugan et al., 2010), only one study 
demonstrating the possible application of CNWs to biomedical applications had been published.  
Roman et al. (2009) carried out an in vitro study in which the cytotoxicity of wood-derived CNWs on 
brain microvascular endothelial cells, and their uptake of CNWs was assessed in order to 
demonstrate the applicability of CNWs to targeted drug delivery (Roman et al., 2009).  It was found 
that the CNWs were non-cytotoxic to these cells, although significant uptake of CNWs was shown.  
This uptake, however, may be due to the surface functionalization of the CNWs carried out in order 
to fluorescently label them. 
A more detailed study was carried out by Mahmoud et al. (2010) who investigated the uptake and 
cytotoxicity of both fluorescein and rhodamine B conjugated CNWs in human embryonic kidney 
293 cells and the sf9 insect cell line (Mahmoud et al., 2010).  Rhodamine B conjugated CNWs 
underwent endocytosis by both cell lines without any evidence of cytotoxicity.  In contrast, the 
fluorescein-conjugated CNWs were not taken up by the cells and instead caused cell death due to 
rupture of the plasma membrane.  The authors suggested that the difference in surface charge of 
the labelled CNWs could be the cause of the observed difference, as CNWs conjugated with 
fluorescein were negatively charged and Rhodamine B-CNWs were positively charged and could 
therefore interact with the cell plasma membranes via different mechanisms.  One possible 
limitation of the study, however, is that the CNWs were prepared via a non-standard method 
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involving a mixture of sulfuric acid, nitric acid and hydrogen peroxide, which may limit the extent to 
which these results can be compared to other studies. 
Very recently a report by Clift et al. (2011) sought to determine the potential effect of aerosolized 
CNWs on the human airway by using a co-culture of monocyte derived macrophages, dendritic 
cells and a human bronchial epithelial cell line (Clift et al., 2011).  The CNWs were found to be 
somewhat cytotoxic and to induce the release of pro-inflamatory cytokines, although this effect was 
significantly lower than both multi-wall carbon nanotubes and asbestos fibers which were used as 
positive controls.  Together these studies go some way to demonstrating that CNWs may well be a 
useful material for drug delivery, sensing and other biomedical applications, but that the surface 
chemistry, size and aspect ratio are likely to affect both the degree of cytotoxicity and inflammatory 
response. 
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1.5 Skeletal Muscle 
1.5.1 Anatomy and Physiology of Skeletal Muscle 
By volume, skeletal muscle is one of the most abundant organs in the human body (Martini, 2005).  
Skeletal muscle, sometimes referred to as “voluntary muscle” or “striated muscle”, is responsible 
for the bulk movement of the skeleton (i.e. limbs) as well as the maintenance of stable posture, the 
voluntary control of swallowing, defecation, urination and the containment and protection of the 
internal organs (Martini, 2005).  As for the two other varieties of muscle tissue (cardiac and smooth 
muscle), the function of skeletal muscle informs its structure at every level.  Although the molecular 
and biochemical underpinnings of muscle contraction are beyond the scope of this introduction, a 
description of the structural aspects of skeletal muscle will follow. 
In addition to nerve, blood vessel and connective tissue, muscle organs consist mainly of skeletal 
muscle tissue (Marieb, 2000).  Figure 1.7 shows the hierarchical structure of skeletal muscle from 
the muscle organ itself at the largest scale down to the muscle fibre at the smallest scale.  The 
organ is composed of several longitudinal compartments called fascicles which are surrounded by 
a connective tissue called the perimysium.  Fasicles are composed of single cell muscle fibres, 
which are surrounded by a loose connective tissue called endomysium (Martini, 2005).  The 
perimysium and endomysium are predominantly composed of extracellular matrix (ECM) the bulk 
of which is fibrillar collagen I or III along with proteoglycans and glycosaminoglycans.  In addition, a 
basement membrane composed of laminins, collagen IV and fibronectin is found in immediate 
contact with the muscle fibre sarcolemma (cell membrane) (Gillies and Lieber, 2011).  The collagen 
network of the perimysium is highly structured, with longitudinal fibres running the length of the 
fascicles as well as coiled “telephone cable” fibrils that spiral around the outside.  The endomysium 
also has a distinct structure of collagen fibrils which form a web like structure which is in turn 
formed into waves creating a longitudinal structure down the length of the muscle fibre, with a 
periodicity of a few hundred nanometres (Gillies and Lieber, 2011).  The endomysium is contiguous 
with the perimysium, and both contain blood vessels and nerves to serve the muscle fibres.  The 
structural ECM components of the muscular connective tissues are ultimately bundled into tendons 
at each end of the muscle and serve to transmit the force generated by the muscle to components 
of the skeleton (Martini, 2005). 
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Figure 1.7 – Schematic of the hierarchical structure of a skeletal muscle organ.  The 
epimysium, perimysium and endomysium connective tissues are marked along with the fascicles 
and constituent muscle fibres (muscle cells).  Reproduced and modified from Marieb, 2000. 
Muscle fibres are extremely long cells which run the entire length of the muscle.  Their dimensions 
are around 100 μm in diameter, and up to around 30 cm in length in long muscles such as those of 
the thigh (Martini, 2005).  As a consequence of the development of muscle fibres by cell fusion, 
each muscle fibre contains up to several hundred nuclei which are positioned towards the outside 
of the fibre just below the sarcolemma.  In addition to nuclei, the major organelles of the muscle 
fibres include mitochondria, transverse tubules (extensions of the sarcolemma into the body of the 
muscle fibre), sarcoplasmic reticulum (analogous to smooth endoplasmic reticulum) and myofibrils 
which make up the bulk of the muscle fibre volume (Martini, 2005). 
Myofibrils contain the biomolecular components responsible for muscle contraction.  They have a 
regularly repeating structure composed of the minimum repeat unit called the sarcomere.  The 
sarcomere is composed of two types of filament, called thick filaments and thin filaments.  Thin 
filaments are composed of an f-actin strand coiled around a core of nebulin and a complex of 
tropomyosin and troponin (Berg et al., 2002).  Thick filaments are composed of myosin and titin.  
The f-actin of the thin filaments presents active sites along its length which have a propensity to 
bind to myosin.  In the relaxed state, these active sites are blocked by the tropomyosin and 
troponin complex.  In response to calcium mediated signalling, the tropomyosin and troponin 
complex reveals the myosin binding sites on f-actin, and the thin filaments consequently bind to the 
myosin of the thick filaments forming cross-bridges.  Upon formation of cross-bridges, a 
conformational change in myosin results in sliding of the thick filaments over the thin filaments and 
shortening of the overall length of the sarcomere.  Sarcomeric shortening along the length of a 
James Dugan PhD 2011 
  41 
muscle fibre, and in many fibres simultaneously, results in bulk contraction of the muscle organ and 
the generation of force.  ATP is required to break the crossbridges and return the myosin to its 
original conformation.  The contraction cycle will continue repeatedly while ATP and calcium ions 
are present at a high enough concentration (Berg et al., 2002).   
Figure 1.8 shows the arrangement of filaments in a typical sarcomere (Vander et al., 1985).  The A 
bands and I bands are visible as dark and light bands respectively when viewed through a light 
microscope (Martini, 2005) and correspond to the regions containing thick filaments and thin 
filaments respectively, with the overlapping region forming part of the A band.  This striated effect 
is always observed in skeletal muscle fibres as the myofibrils are arranged with their A and I bands 
directly adjacent to one another.  In tissue engineering applications, the observation of striated 
muscle fibres in vitro is often taken to be an indicator of myotube maturation and the assembly of 
the requisite structural components of muscle fibres.  Nascent myotubes are frequently not striated. 
   
Figure 1.8 – Schematic of the structure of a sarcomere.  Reproduced from Vander et al. (1985). 
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1.5.2 Muscle Development 
Most skeletal muscle (except craniofacial muscle) is derived from embryonic structures known as 
somites which have a mesodermal origin and are found in the vertebrate embryo either side of the 
neural tube in the early embryo (Buffinger and Stockdale, 1994).  The somites ultimately develop 
into the vertebrae, dermis and skeletal muscle.  The dermis and skeletal muscle develop from the 
somites via the dermomyotome which is the point at which myogenic determination is thought to 
occur and which subsequently forms the myotome which is the first true skeletal muscle to develop 
(Buckingham and Montarras, 2008). 
In adult skeletal muscle there is a small population of quiescent progenitors called satellite cells.  
Their developmental origin is the same as for muscle fibres but they have not yet begun terminal 
differentiation, instead occupying a niche between the muscle fibre sarcolemma and the basement 
membrane where they await activation from a range of stimuli.  Upon activation the satellite cells 
form the myoblastic phenotype, proliferating to form more myoblasts as well as a fresh population 
of satellite cells.  The myoblasts may then fuse with muscle fibres in order to repair damage due to 
injury and contribute new myonuclei.  This system gives skeletal muscle the ability to undergo 
repair after mild to moderate injury (Jarvinen et al., 2008; Zammit, 2008). 
1.5.3 Myogenesis and the Myogenic Regulatory Factors 
Both in embryonic development and in adult muscle regeneration and repair, the myogenic 
regulatory factors (MRFs) are of utmost importance.  MRFs are a family of four transcription factors 
which belong to the group of basic helix-loop-helix transcription factors (Buckingham and 
Montarras, 2008).  Together the MRFs regulate both the determination of myogenic lineages and 
also the progression of terminal differentiation and expression of muscle-specific genes.  The 
existence of such factors was proposed before their discovery and their presence was proven likely 
by studies such as Blau et al. (1983).  A chemical factor (polyethylene glycol) was used to induce 
the fusion of human amniocytes with fused, terminally differentiated mouse myoblasts.  The 
“heterokaryons” were found to rapidly express human muscle-specific proteins which were not 
expressed in non-fused human cells (Blau et al., 1983).  This was proposed as evidence that some 
strictly intracellular regulatory factor (or factors) exists which controls expression of muscle specific 
proteins and is free to access the cytoplasm. 
A few years later MyoD, a key MRF, was identified and isolated (Davis et al., 1987) and not long 
after myogenin was identified (Wright et al., 1989).  Although MyoD and myogenin are encoded by 
different genes and have slightly different functions, some homology was noted by Wright et al. 
(1989), suggesting that both transcription factors are part of a group of related proteins.  As such 
the two remaining MRFs, Myf5 and MRF4, were later identified based on their sequence homology 
with MyoD and myogenin (Stockdale, 2008).  All four MRFs independently have the ability to 
induce myogenesis in non-muscle cell types if upregulated artificially (Buckingham and Montarras, 
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2008).  In both embryonic development and adult regeneration, however, myogenesis is regulated 
by the concerted and time-dependent expression of all four MRFs. 
Determination of myogenic cells during embryonic development is regulated principally by Myf5 
and MyoD although MRF4 may also act as a determination factor.  Under normal development, 
Myf5 is expressed first in the dermomyotome and MyoD expression follows in cells that will 
subsequently form the mature myotome.  The onset of  actual differentiation is thought to be 
induced in the immature myotome by MRF4.  As the myotome matures, expression of M-cadherin 
is upregulated and expression of myogenin accompanies the onset of cell fusion (Buckingham and 
Montarras, 2008). 
In adult tissue, MyoD is not expressed in the quiescent satellite cells but is expressed upon 
migration from the basal lamina and the onset of proliferation (i.e. myoblastic phenotype).  It has 
been proposed that MyoD is important for regulating the balance of proliferation and differentiation 
and is required for proliferation to cease in order to allow differentiation to occur (Cornelison et al., 
2000).  MRF4 is also not expressed by satellite cells.  It is, however, expressed in adult muscle 
fibres and in nascent myotubes along with MyoD and myogenin and it is thought to have a unique 
role in the correct development of neuromuscular junctions (Thompson et al., 2005). 
1.5.4 Regeneration of Skeletal Muscle by Mesenchymal Stem Cells 
In recent years, there has been a significant focus on multipotent (or pluripotent) stem cells derived 
from post-natal sources for tissue engineering and cell therapies.  Grigoriadis et al. (1988) reported 
that RCJ 3.1, a cell line derived from rat calvaria, could be induced to differentiate down the 
osteogenic, adipogenic, chondrogenic and myogenic lineages either spontaneously or by induction 
with the synthetic steroid dexamethasone (Grigoriadis et al., 1988).  As the RCJ 3.1 cell line was 
originally produced via cloning from a single cell, it was proposed that RCJ 3.1 were therefore truly 
multipotent (or pluripotent) stem cells as opposed to a mixed population of predetermined lineages.  
With hindsight it seems likely that the parent cell of RCJ 3.1 was what is now known as a 
mesenchymal stem cell, either from the marrow of the calvaria or possibly the periosteum.  A few 
years later a review by Caplan (1991), which mainly reviewed work from his own laboratory, stated 
the case for mesenchymal stem cells from bone marrow as a source of autologous cells to provide 
regenerative therapy for disease (Caplan, 1991).  Although at the time only osteogenic and 
chondrogenic differentiation of adult marrow-derived MSCs had been demonstrated (in vivo), it was 
suggested that any tissue of mesodermal origin could be repaired by such stem cells. 
Pittenger et al. (1999) demonstrated the mutipotency of MSCs derived from bone marrow and gave 
protocols for their differentiation down the osteogenic, chondrogenic and adipogenic lineages in 
vitro (Pittenger et al., 1999).  A few years later Jiang et al. (2002) demonstrated that in vivo, MSCs 
may actually be truly pluripotent with the potential to differentiate down lineages from other 
embryonic germ layers (Jiang et al., 2002).  This study employed the transplantation of adult MSCs 
into a developing embryonic blastocyst, however, so the therapeutic potential of the work is 
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somewhat unclear.  In more recent years, several other sources of adult MSC-like stem cells have 
been identified including the Wharton‟s jelly of the umbilical cord (Troyer and Weiss, 2008) and 
adult adipose tissue (Zuk et al., 2002).  Adipose derived stem cells, in particular, offer a highly 
promising source of cells for therapeutic applications, as the tissue contains a particularly high 
proportion of stem cells in comparison to bone marrow, and harvesting the tissue is arguably less 
painful and traumatic (i.e. via liposuction) and requires only local anaesthetic. 
1.5.5 Myogenic Differentiation of Mesenchymal Stem Cells 
Since the outset of research into MSCs, the myogenic potential of such multipotent cells has been 
evident.  However, the published protocols for myogenic differentiation are not homogeneous and 
the task has proven to be less than trivial.  This is reflected by several contradictory and 
contentious publications on the subject. 
Generally speaking there are three broad methods for inducing myogenic differentiation of MSCs.  
Firstly by artificially upregulating known muscle-specific genes, secondly by treatment with 
pharmacological agents and thirdly by non-specific biological cues, either from conditioned growth 
medium or co-culture with myogenically pre-determined cells (i.e. myoblasts).  In addition there are 
a small number of reports of spontaneous myogenic differentiation on biomaterials engineered to 
mimic the skeletal muscle niche. 
As an example of artificial upregulation of muscle-specific genes, Gang et al. (2008) showed that 
Pax3, an important factor that regulates expression of the MRFs in fetal skeletal muscle 
development, induced myogenic differentiation in an adult mouse MSC cell line.  Interestingly, 
Pax3 did not have the same effect on a mouse endothelial cell line and indicated that cells of non 
mesodermal origin may not differentiate down the myogenic lineage even after genetic 
reprogramming (Gang et al., 2008). 
Several examples of pharmacological treatment of MSCs to induce myogenesis have been 
reported.  The earliest examples were of the use of 5-azacytidine such as by Wakitani et al. (1995) 
who induced myogenesis and myotube formation in primary rat MSCs from bone marrow (Wakitani 
et al., 1995).  This work was inspired by that of Constantinides et al. (1977) who noted that striated 
myotubes formed in cultures of the C310T1/2 embryonic mouse MSC cell line treated with 5-
azacytidine (Constantinides et al., 1977).  As a known inhibitor of DNA methylation, it is believed 
that 5-azacytidine non-specifically induces the activation of silenced genes. 
Alternative pharmacological methods usually employ synthetic steroids such as dexamethasome 
and hydrocortisone.  Zuk et al. (2001), Mizuno et al. (2002) and Lin et al. (2006) all demonstrated 
myogenic differentiation of adipose derived MSCs using a mixture of dexamethasone and high-
dose hydrocortisone (Lin et al., 2006; Mizuno et al., 2002; Zuk et al., 2001).  In addition, Gang et al. 
(2004) demonstrated similar results using MSCs derived from umbilical cord blood (Gang et al., 
2004). 
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There is some evidence that biological signals may induce myogenesis in MSCs.  Several 
publications have shown that MSCs are capable of fusion with myoblasts such as the C2C12 
mouse cell line.  Shi et al. (2004) found that marrow derived MSCS could fuse with C2C12 
myotubes but that hematopoietic stem cells did not fuse (Shi et al., 2004).  The following year Lee 
et al. (2005) demonstrated that bone marrow derived MSCs fuse to form myotubes with mouse 
C2C12 myoblasts which then express human forms of muscle specific proteins such as nestin, 
demonstrating that the MSC nuclei were transcriptionally active in the myotubes (Lee et al., 2005).  
Later the same group demonstrated similar results using adipose derived stem cells (Lee and 
Kemp, 2006).  More recently, a comparative study to determine the myogenic potential of 
epicardial derived stem cells, endothelial cells and marrow derived MSCs found that the epicardial 
cells had a high propensity for fusion with C2C12 myotubes (Gentile et al., 2011).  Although the 
equivalent fusion of the MSCs occurred to a lesser extent than for the epicardial cells, fusion of 
marrow derived cells was clearly demonstrated.  Furthermore, the degree of fusion of both 
epicardial cells and marrow MSCs was significantly increased by the addition of exogenous 
interleukin-4 or interleukin-13, both cytokines implicated in myoblast cytokinesis. 
In a somewhat different approach, Santa Maria et al. (2004) induced myogenesis and fusion in 
monocultures of marrow derived MSCs by using an induction medium conditioned against 
damaged skeletal muscle tissue from rat (Santa Maria et al., 2004).  Interestingly, the same effect 
was not observed when the medium was conditioned on healthy, undamaged muscle, indicating 
that either some intracellular molecule or signalling factor or possibly a factor released actively in 
response to damage was responsible for the myogenic induction of the MSCs.  Nunes et al. (2007) 
also found that medium conditioned against undamaged skeletal muscle was insufficient to induce 
myogenic differentiation or fusion of cells derived from umbilical cord blood (a mixture of MSCs and 
hematopoietic stem cells) (Nunes et al., 2007).  Additionally they found that co-culture of the cord 
blood cells with primary human muscle cells from a Duchenne‟s muscular dystrophy patient did not 
result in fusion or myogenic differentiation in vitro.  Using the mdx mouse as a model for 
Duchenne‟s, however, injection of the cord blood cells in vivo resulted not only in fusion of the stem 
cells with the host muscle fibres, but also restoration of dystrophin expression, paving the way for 
stem cells to be applied to the treatment of such diseases. 
There have been a small number of published examples of spontaneous myogenic differentiation 
of MSCs in response to engineered microenvironments.  Engler et al. (2006) used varying degrees 
of crosslinking to produce biocompatible gels with a range of well defined stiffness (versus 
elasticity) (Engler et al., 2006).  Marrow derived MSCs cultured on these substrates were shown to 
differentiate down the lineage of the tissue with comparable stiffness (i.e. less stiff substrates give 
neurogenic, high stiffness gave osteogenic and medium stiffness gave myogenic differentiation).  
Although the growth medium and culture conditions were such that terminal myogenic 
differentiation was not possible (high serum concentration and sparse seeding density), true 
myogenic determination was demonstrated over extended culture periods.  The following year 
Dang and Leong (2007) demonstrated that electrospun nanofibres induced myogenesis in MSCs, 
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concluding that the morphology (and probably mechanical properties) of the scaffolds were 
responsible for the differentiation (Dang and Leong, 2007).  The profile of gene expression was 
somewhat unexpected, however, showing strong expression of Pax3 and some expression of 
myogenin but no MyoD expression whatsoever, in contrast to the findings of Engler et al. (2006). 
To summarize, it seems that the literature is inconclusive on the myogenic differentiation potential 
of MSCs.  Although enough publications have appeared to suggest that such differentiation is 
possible, the methods used and source of cells are somewhat heterogeneous.  Although some 
success has been reported using pharmacological agents, 5-azacytidine is unlikely to prove useful 
for therapeutic applications due to the very low rate of differentiation and the non-specific mode of 
action (Wakitani et al., 1995).  Several examples of synthetic steroid induction have also been 
reported but none of these employ marrow derived stem cells indicating that the choice of source 
tissue for MSCs could be of particular importance for myogenic applications.  The examples of 
spontaneous myogenic differentiation and fusion in co-culture and conditioned medium 
experiments would seem to indicate that there are indeed biological signalling factors that may 
induce myogenic differentiation of MSCs.  As yet though these factors have not been identified.  
Further work is therefore required in order to elucidate the specific signals and disentangle the 
effects of cytoplasmic, cell-surface and extracellular factors. 
It may be possible that smart engineered biomaterials may themselves induce myogenic 
differentiation without the need for biological stimulation.  Currently this approach has yielded little 
success, given the lack of published research following the significant impact of the work of Engler 
et al. (2006).  However it remains an important task to investigate the application of multipotent 
stem cells such as MSCs for tissue engineering.  To take skeletal muscle as an example, MSCs 
have the potential to differentiate into every key type of cell found in skeletal muscle in vivo, and 
which would all be required to tissue engineer a truly indistinguishable tissue-like construct.  MSCs 
could therefore provide an elegant solution for tissue engineering using a “bottom-up” approach 
(Lewis et al., 2009). 
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1.6 Tissue Engineering of Skeletal Muscle 
Tissue engineering of skeletal muscle has perhaps not gained the momentum of some other fields 
such as tissue engineering of skin, bone and cartilage.  This may be due partly to the structural 
complexity of skeletal muscle, or possibly a perceived lack of need due to the remarkable 
propensity for skeletal muscle to repair itself after injury or atrophy (Lewis et al., 2009).  There is 
nonetheless a serious clinical need for tissue engineered constructs, both as a direct replacement 
for tissue lost due to surgical intervention to treat cancer for example, and as an in vitro model with 
which to develop treatments for diseases of the muscle and to screen pharmaceutical therapies 
(Lewis et al., 2009). 
1.6.1 Clinical Need and Justification 
Significant loss of skeletal muscle due to trauma is often treated using autologous grafts.  In this 
process a vascularised muscle flap is removed from a donor site and grafted to the site of injury 
(Vindigni et al., 2004).  In addition to the formation of significant quantities of scar tissue, such 
procedures also generate new sites of injury (i.e. the donor sites) which can lead to further 
morbidity (Stern-Straeter et al., 2007; Vindigni et al., 2004).  There is therefore a significant need to 
produce tissue engineered skeletal muscle as a source of tissue for grafts.  Such an approach 
would avoid the problem of donor site morbidity and could avoid scar tissue formation that results 
from the grafting of mature muscle flaps. 
It is also worth considering possible applications in the production of edible “artificial” meat 
substitutes produced via culture of animal cells.  Although this application currently remains 
undeveloped, a number of publications in recent years have pointed to a possible application in a 
future with increasingly scarce resources and food supply (Langelaan et al., 2010; Tuomisto and 
de Mattos, 2011).  According to the Food and Agriculture Organization of the United Nations 
(FAO), the global demand driving livestock production is increasing, yet already 70% of all 
agricultural land is devoted to livestock production.  In addition it is believed that livestock 
production is responsible for 18% of anthropogenic climate change due to the direct emission of 
potent “greenhouse” gasses, deforestation and decreasing biodiversity (FAO, 2006).  The 
production of nutritious meat substitutes by techniques such as tissue engineering could prove to 
be an efficient alternative to traditional and contemporary agricultural techniques.  According to 
Langelaan et al. (2010), however, the production of tissue engineered meat would require a ready 
source of (preferably adult) stem cells, a suitable scaffold, effective coculture systems and the 
development of in vitro vascularisation protocols (Langelaan et al., 2010).  Ultimately these same 
requirements may also apply to the production of tissue engineered skeletal muscle for medical 
applications. 
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1.6.2 Scaffolds for Tissue Engineering Skeletal Muscle 
A number of examples of tissue engineering two-dimensional skeletal muscle-like constructs have 
been published which generally use one of two major approaches (Lewis et al., 2009).  Firstly, the 
use of two-dimensional defined topography on the micrometre (or submicrometre) scale to impart 
structural cues to direct the morphology and direction of myotubes.  Secondly, the use of fibrous 
constructs to mimic the morphology of components of the ECM and again direct the morphology 
and direction of myotubes.  To take the first approach, most published studies employ 
microfabricated elastomeric materials such as polydimethylsiloxane (PDMS).  Lam et al. (2006) 
used a novel “wavy” sinusoidal topography in PDMS to direct the orientation of differentiated 
C2C12 myotubes (Lam et al., 2006).  The amplitude of the topography was 300 or 700 nm and the 
wavelength was 2, 6 or 12 μm.  Myotubes with the greatest degree of fusion and alignment were 
formed on the 6 μm wavelength topography. 
More recently, Gingras et al. (2009) and Shimizu et al. (2009) have produced laminin coated 
PDMS substrates with elongated topographies, the former using photolithographic techniques and 
the latter using a simple casting technique on iron moulds ground using a range of grinding media 
which could prove to be a low cost and facile method of producing tissue engineering substrates.  
In both cases, C2C12s formed oriented myotubes parallel to the long axis of the topography 
(Gingras et al., 2009; Shimizu et al., 2009).  As well as ridge/groove topography, Gingras et al. 
(2009) also produced square pillars with dimensions and spacing of 20 μm.  Unexpectedly, the 
square pillars induced alignment at 25° degrees to the axis of the pattern.  This result was 
explained by the tendency of the cells to maximise their contacts with the substrate.  An 
explanation that was not explored, however, was the requirement of myoblasts to maximise their 
cell-cell contacts prior to fusion, which may also arguably have contributed to the observed effect.   
Polyurethane diacrylate, another elastomeric polymer, has also been used as a substrate (Shen et 
al., 2006).  Deep grooves of 40 to 160 μm width were fabricated in the surface via UV embossing.  
C2C12 myotubes were observed to form only in the 40 μm grooves due to confinement of the cells.  
This was an unexpected finding, however, as the cell culture conditions were not conducive to 
differentiation and fusion (high serum content).  No immunofluorescence or molecular biology was 
carried out to support the finding. 
Several reports of more rigid polymer substrates with fabricated topography has also been 
reported.  Charest et al. (2007) prepared hot embossed polycarbonate substrates which were 
coated in fibronectin and featured grooves of 75 μm width and 5 μm depth (Charest et al., 2007).  
Although the substrates induced orientation in C2C12s, no effect was observed in the degree of 
differentiation as determined by myosin heavy chain expression.  It should be noted, however, that 
the cells were seeded sparsely and so fusion was inhibited.  Morphological aspects of 
differentiation were therefore not determined.  More recently, Wang et al. (2010) prepared plasma 
oxidised solvent cast polystyrene prepared using moulds fabricated using e-beam lithography 
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(Wang et al., 2010).  The ridges and grooves had smaller, sub-micron dimensions of 450 or 900 
nm width and 100, 350, or 550 nm depth.  As expected, C2C12s fused to give oriented myotubes 
on these topographies but proliferation was also downregulated and degree of fusion upregulated 
relative to flat control surfaces. 
Fibrous scaffolds have also led to successful engineering of multinucleated myotubes.  Kamelger 
et al. (2004) carried out in vivo testing of a commercially available highly porous non-woven fibrous 
mesh made of polyglycolic acid (Kamelger et al., 2004).  The scaffold was pre-seeded with primary 
rat myoblasts before implantation in a pre-prepared vascularized pouch in a rat model.  The 
myoblasts were shown to proliferate and fuse to form myotubes with expression of muscle specific 
proteins.  Most attempts to produce fibrous scaffolds for skeletal muscle engineering, however, use 
in vitro models and scaffolds prepared by electrospinning.  For example Riboldi et al. (2005) 
prepared a randomly oriented electrospun scaffold from the commercially available 
polyesterurethane, DegraPol (Riboldi et al., 2005).  Although no physiologically relevant myotube 
orientation was demonstrated, the scaffolds did support proliferation, differentiation and fusion of 
myoblasts.  As DegrPol is elastic and degradable to non-toxic products, it could well be a material 
of choice for producing tissue engineering scaffolds. 
There are several methods by which electrospinning may be employed to prepare oriented 
scaffolds.  For example, Huang et al. (2006) used uniaxial extension of the scaffolds, post-
spinning, in order to produce highly oriented arrays of poly-L-lactide fibres (Huang et al., 2006).  
The oriented fibres induced orientation in myotubes cultured on the scaffold, and the myotubes 
were significantly longer than on non-oriented fibres or flat control surfaces.  Huber et al. (2007) 
used a bipolar collector to modify the electric field and actively electrospin oriented fibres of nylon 
6/6 (Huber et al., 2007).  As the polymer itself was not biocompatible, the scaffolds were 
subsequently coated with Matrigel.  The oriented fibers allowed fusion of myoblasts which was not 
observed on non-oriented fibers. 
Rapidly rotating collectors were employed by Choi et al. (2008) and Aviss et al. (2010) in order to 
prepare oriented electrospun scaffolds of polycaprolactone-collagen blend and polylactide-co-
glycolide respectively (Aviss et al., 2010; Choi et al., 2008).  In both cases the oriented fibres 
directed the fusion of myoblasts to yield highly oriented myotubes.  The extent of fusion was 
greater on the oriented fibres in both cases.  Aviss et al. (2010) also reported striation of the 
myotubes on the fibrous scaffold which indicated the onset of maturation and sarcomere assembly. 
Although all of the discussed publications have used topography in some way to produce more 
physiologically relevant tissue cultures, the size of topographical features are always either on the 
scale of many micrometers or at the very least the submicrometre range (several hundred 
nanometers).  Some reports indicate that topography may modulate the degree of expression of 
muscle specific proteins while others have found that only the morphological aspects of 
differentiation are modulated, such as orientation, length and curvature of myotubes.  No 
demonstration of truly nanoscale defined topography has yet been published using myoblasts or 
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myogenic precursors, so the potential of nanotopography to aid muscle tissue engineering remains 
unexplored. 
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1.7 Project Aims and Rationale 
Cellulose has been utilized for biomedical applications such as wound dressings and dialysis 
membranes for many years and its biocompatibility and low toxicity has been demonstrated both in 
vitro and in vivo.  CNWs have been extensively described in the literature and many interesting 
properties and potential applications have been demonstrated.  Until this project, however, no 
attempts to utilize the properties of CNWs for tissue engineering have been published.  Their high 
biocompatibility, low toxicity, potential low cost, renewable raw material and hydrophilicity all 
indicate that CNWs could be an ideal material for the fabrication of tissue engineering scaffolds.  In 
particular, however, the high aspect ratio and nanoscale dimensions of CNWs derived from 
tunicates could be particularly useful for providing structural cues for in vitro culture of highly 
oriented tissue types such as skeletal muscle or ligament.  Others have shown that the high aspect 
ratio of CNWs allows them to be deposited on surfaces in a highly oriented film.  With some 
modification, such films could provide nanoscale cues to direct the morphology and differentiation 
of mammalian cells via contact guidance.  Based on this rationale the following main research 
questions and project aims were defined. 
1.7.1 Main Research Questions 
1) Can spin coating be used to prepare oriented surfaces of CNWs extracted from tunicates? 
2) Do surfaces of CNWs support cell adhesion and proliferation? 
3) Do surfaces of CNWs induce contact guidance in cells? 
4) Can surfaces of CNWs direct the terminal differentiation of cells for tissue engineering? 
5) Can surfaces of CNWs support the adhesion and differentiation of human stem cells for 
tissue engineering? 
6) Are CNWs cytotoxic? 
7) Are CNWs potentially immunogenic?  
1.7.2 Main Project Aims 
1) Prepare and characterize CNWs from cellulose extracted from tunicates. 
2) Prepare submonolayer surfaces of adsorbed CNWs by spin coating. 
3) Prepare CNW surfaces with a high degree of relative orientation. 
4) Characterize the CNW surfaces and define surface height distributions and degree of CNW 
orientation. 
5) Investigate the adhesion and proliferation of C2C12 myoblasts on the CNW surfaces. 
6) Investigate whether the CNW surfaces induce contact guidance in C2C12 myoblasts. 
7) Determine the effect of the CNW topography on terminal differentiation and fusion of 
C2C12 myoblasts. 
8) Determine the effect of the CNW topography on the deposition of extracellular matrix. 
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9) Investigate the adhesion and morphology of human mesenchymal stem cells on the CNW 
surfaces. 
10) Determine the effect of the CNW topography on the myogenic differentiation of human 
mesenchymal stem cells. 
11) Determine the cytotoxicity and potential immunogenicity of CNWs extracted from tunicates. 
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2 Materials and Methods 
2.1 Materials 
Gutted tunics from the tunicate Ascidiella sp. were obtained from Loch Fyne Seafarms Ltd, Tarbert, 
Scotland. 
Dialysis tubing (12-14,000 Dalton molecular weight cut-off) was obtained from Spectrum Labs, 
Breda, Netherlands. 
Sodium hydroxide pellets, glacial acetic acid, concentrated sulfuric acid, Whatman ashless filter aid 
(cotton powder) and optical glass cover slips for CNW surface preparation were obtained from 
Fisher Scientific, Loughborough, UK. 
Polyallylamine hydrochloride (PAHCl), resazurin sodium salt (“Alamar Blue”), carboxyfluorescein 
diacetate succinimidyl ester (CFSE), adult goat serum, adult horse serum, bovine serum albumin 
(BSA), fluorescein isothiocyanate conjugated phalloidin (FITC-phalloidin), glutaraldehyde, 
lipopolysaccharide (LPS), dichlorofluorescein (DCF), dimethylthiazolyldiphenyltetrazolium bromide 
(MTT), Hank‟s balanced salt solution (HBSS), paraformaldehyde (PFA), diamidinophenylindole 
(DAPI), Triton X-100, sodium hypochlorite, Dulbecco‟s modified Eagle‟s medium (DMEM, high 
glucose modified), dimethylsulfoxide (DMSO), hydrocortisone, dexamethasone and monoclonal 
mouse-anti-human vinculin primary antibody were all purchased from Sigma Aldrich, Dorset, UK. 
L-Glutamine, antibiotic/antimycotic preparation (AB), fetal bovine serum (FBS), trypsin-EDTA 
preparation, phosphate buffered saline (PBS) and Dulbecco‟s modified Eagle‟s medium (DMEM, 
low glucose modified) were all purchased from PAA, Pasching, Austria. 
hMSC growth medium was purchased from PromoCell, Heidelberg, Germany. 
Disposable tissue culture flasks and multiwall plates (Nunc brand), ProLong Gold antifade reagent, 
Live/Dead assay, AlexaFluor-488 conjugated goat-anti-mouse IgG (“AF488-M”), AlexaFluor-546 
conjugated goat-anti-mouse IgG (“AF546-M”) and AlexaFluor-546 goat-anti-rabbit IgG (“AF546-R”) 
secondary antibodies were all purchased from Invitrogen, Paisley, UK. 
Monoclonal mouse-anti-rabbit fast skeletal myosin (“myosin heavy chain”, MHC), monoclonal 
mouse-anti-rat myogenin, monoclonal mouse-anti-mouse (synthetic fragment) MyoD1, monoclonal 
rabbit-anti-mouse fibronectin and monoclonal rabbit-anti-human lamin A (human only) primary 
antibodies were all purchased from Abcam, Cambridge, UK. 
2.2 Isolation of Tunicin 
Tunicin was prepared by a method modified from Elazzouzi-Haffraoui et al. (2008).  The gutted 
tunics from the tunicate Ascidiella sp. were scrubbed under running water to remove the majority of 
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incrustations and other debris.  The tunics (50 g) were then roughly pulped with deionized water 
(300 ml) using a domestic electric hand blender.  The pulp was heated to 80°C on a magnetic 
stirrer hotplate with stirring from a magnetic flea.  Potassium hydroxide pellets (15 g) were added 
and the mixture was stirred at 80°C for 24 hours.  The pulp was then allowed to cool to room 
temperature before being rinsed thoroughly using tap water and a course sieve.  The deproteinized 
tunic pieces were then added to fresh deionized water (300 ml) and heated to 60°C before addition 
of sodium hypochlorite solution (1 ml, 4% Cl) and acetic acid (glacial, 0.5 ml).  Stirring was 
continued at 60°C for a further 5 hours after which the bleached pulp was washed repeatedly in 
fresh deionized water.  The excess water was squeezed from the pulp which was then frozen at -
80°C before freeze drying.  The resulting dry foam was roughly ground using a domestic coffee 
grinder and then stored for further use.  Typical yields of dry tunicin were approximately 1% by 
weight of wet, clean tunic. 
2.3 Preparation of CNWs from Tunicin 
CNWs were prepared by sulfuric acid hydrolysis.  Sulfuric acid (64% w/w) was prepared from 
concentrated stock (~98% w/w) and the concentration was confirmed using densitometry.  The 
diluted sulfuric acid (175 ml) was then heated to 45°C in a water bath with mechanical stirring from 
an overhead stirrer.  Dry tunicin (2 g) was then carefully added to the sulfuric acid with vigorous 
stirring.  Stirring was continued at 45°C for 30 minutes after which the reaction was halted by 
dilution into 1,500 ml of ice cold deionized water.  The crude suspension was then concentrated to 
approximately 500 ml volume by centrifugation at 8,000 rpm for 5 minutes.  Three further rounds of 
centrifugation were carried out, each time conserving the CNW pellet and replacing the 
supernatant with fresh deionized water.  After the final centrifugation the supernatant remained 
turbid due to increased colloidal stability as a result of the reduced ionic strength of the partially 
purified suspension.  The suspension was then dialysed against deionized water for 7 days using 
dialysis tubing with a molecular weight cutoff of 12-14,000 Daltons.  The dialysis water was 
replaced daily.  The pure CNW suspension was finally sonicated using a Branson sonfier at 10% 
amplitude for 15 minutes.  The suspension was cooled during sonication using an ice bath.  The 
final CNW concentration was determined using gravimetry.  Typical concentrations were 
approximately 0.1-0.15% (w/w).  A schematic of the overall CNW preparation process is shown in 
Figure 2.1). 
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Figure 2.1 – Schematic of the CNW preparation process.  Pure, dry cellulose is firstly extracted 
from gutted tunics.  After hydrolysis the crude CNW suspension is purified and sonicated to yield a 
stable, pure suspension of CNWs in water. 
2.4 Transmission Electron Microscopy and Image Analysis 
Transmission electron microscopy (TEM) was carried out using a JEOL 1220 microscope.  CNW 
suspensions were diluted to 0.01% (w/w) and droplets were deposited onto 400 mesh carbon 
coated TEM grids and allowed to dry.  The CNWs were then stained with uranyl acetate (2% w/w).  
Ten replicate images were captured and three representative 100×100 pixel regions containing 
single sections of CNWs were cropped from each image giving a total of 30 regions.  The CNW 
width for each cropped region was determined using ImageJ software (National Institutes of 
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Health, USA) with a known pixel length of 0.37 nm.  The data were binned and a histogram was 
plotted. 
2.5 Fourier Transform Infrared Spectroscopy 
Fourier transform infrared spectroscopy (FTIR) analysis was carried out using a Thermo Scientific 
Nicolet 5700 Fourier transform infrared spectrometer fitted with a Smart Orbit Diamond attenuated 
total internal reflectance adapter.  Spectra were recorded for samples of cotton powder (Whatman 
ashless filter aid), purified tunicin and freeze-dried tunicin CNWs. 
2.6 Conductimetric Titration 
A CNW suspension was adjusted to a concentration of 0.5% (w/w) and then treated with a mixed-
bed ion exchange resin to remove any residual electrolytes.  An aliquot of suspension (4 g) was 
placed in a round-bottom flask clamped on a magnetic stirrer plate.  The sample was then titrated 
against NaOH (1 mM) with stirring and the resistance of the suspension was measured after each 
addition using a bench top meter.  The cell constant was determined by calibration with a known 
standard and the resistance measurements were converted to conductivity.  Conductivity was 
plotted versus added volume of NaOH. 
2.7 Preparation of CNW Surfaces 
CNW surfaces were prepared on glass cover slips by a modified version of the spin coating 
method given by Cranston and Gray (2008).  A schematic of the preparation process is shown in 
Figure 2.2.  The CNWs were either prepared from Ascidiella sp. as described in Section 2.3 or a 
sample of CNWs from Halocynthia roretzi was used, provided by Dr Laurent Heux (CERMAV, 
Grenoble, France).  A Laurell Technologies spin processor (model ws-400b-6npp/lite) was used 
and two different spin coating regimes were employed to prepare surfaces with different degrees of 
CNW orientation.  Several concentrations of CNW suspension were also employed to give 
surfaces with different degrees of CNW adsorption.  For all CNW surfaces the glass coverslips 
were firstly cut into rectangular pieces measuring 9 X 18 mm and were then cleaned by soaking in 
a 3:1 (v:v) mixture of sulfuric acid (98% w/w) and hydrogen peroxide (30% w/w) ("Piranha solution" 
- highly corrosive) for 20 minutes.  The glass was then rinsed thoroughly with deionized water.  
Each fragment was then accelerated to 3000 rpm on the spin coater and an aliquot of PAHCl 
(0.6% w/v, 200 μl) was dropped onto the spinning glass. After 10 seconds, two aliquots of 
deionised water (2 × 500 μl) were dropped onto the glass in order to rinse the surfaces. 
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Figure 2.2 – Schematic of the method for preparation of CNW surfaces.  Spin coating was 
employed to induce a degree of orientation in the adsorbed CNWs.  A sandwich layer of cationic 
PAHCl was used to ensure homogeneous adsorption of anionic CNWs. 
To prepare CNW surfaces with a high degree of CNW orientation, the spin speed was increased to 
6000 rpm following the PAHCl adsorption step and the CNW suspension (200 μl) was dropped 
onto the glass fragment.  After 10 seconds the speed was lowered to 3000 rpm and the sample 
was rinsed with two aliquots of deionised water.  To produce surfaces with a lower degree of CNW 
orientation, the glass fragments were decelerated to 0 rpm following the PAHCl adsorption step. 
The CNW suspension (200 μl) was then deposited onto the stationary sample and adsorption was 
allowed to take place for 20 seconds before acceleration to 500 rpm. The samples were then 
rinsed three times at 500 rpm before finally spinning at 3000 rpm for 20 seconds to dry the 
samples. 
Table 2.1 summarizes the different parameters used to prepare the samples and gives short 
designations that will be used henceforth to refer to the different surface conditions. 
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Table 2.1 – Designations and preparation parameters of CNW surfaces prepared by spin 
coating.  Spin speeds of either 500 or 6000 rpm were employed and a range of CNW 
concentrations from 4×10
-3
 to 20×10
-3
 % were used in order to prepare surfaces with different 
degrees of CNW orientation and adsorption. 
Short Designation 
Spin Speed 
(rpm) 
CNW Concentration 
(Weight %, ×10
-3
) 
Prepared with CNWs isolated from Halocynthia roretzi (from Dr L. Heux): 
C-500-20 500 20 
C-6000-20 6000 20 
Prepared with CNWs isolated in house from Ascidiella sp: 
C-500-4 500 4 
C-500-6 500 6 
C-500-8 500 8 
C-500-10 500 10 
C-500-12 500 12 
C-6000-4 6000 4 
C-6000-6 6000 6 
C-6000-8 6000 8 
C-6000-10 6000 10 
C-6000-12 6000 12 
 
As many of the following methods and results are concerned with morphology and orientation, it is 
necessary to clarify and define various axes with respect to the form of the spin coated samples.  
The description and discussion of several results will make reference to these axes.  Figure 2.3 is a 
schematic of the rectangular samples prepared by spin coating with the x-axis, y-axis and radial 
axes marked. 
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Figure 2.3 – Plan view schematic of a spin coated sample with the relevant axes labelled.  
The x- axis and y-axis are marked along with examples of radial axes. 
2.8 Atomic Force Microscopy 
The CNW surfaces were characterized using atomic force microscopy (AFM). A Veeco MultiMode 
AFM with Digital Instruments Nanoscope II controller was used in tapping mode with n-doped 
silicon anisotropic probes with typical resonant frequency of ~320 KHz and force constant of 42 
Nm
-1
 (TESPA, Veeco Probes, Cambridge, UK). All AFM images were flattened using Gwyddion 
SPM software (Czech Metrology Institute, Czech Republic). 
2.9 Quantification of CNW Adsorption 
All of the CNW surfaces listed in Table 2.1 were prepared using the stated parameters.  A 2.5 μm × 
2.5 μm AFM topography image was captured for each of two replicate samples for each condition.  
Due to the CNWs crossing over one another, it was not possible to carry out automated image 
analysis to count the number of CNWs in each image.  Instead the CNWs were counted manually 
using ImageJ software (National Insitutes of Health, USA).  All whole CNWs in the images were 
counted as well as any sections of CNWs that touched the left hand or top edge of the images.  
CNW sections that touched the bottom and right-hand edges were not counted.  Two-factor 
ANOVA was carried out using Origin8 Pro from Origin Labs, USA.  Factor 1 was the spin speed of 
the spin coater and factor 2 was the concentration of CNW suspensions.  P-values were calculated 
as the probability that the observed differences arose purely due to random variation. 
2.10 Quantification of CNW Height 
In order to quantify the height distribution of the adsorbed surfaces, image analysis was carried out 
using Matlab and the Matlab Image Processing Toolbox (Mathworks, USA).  Three AFM 
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topography images were captured and separated into foreground (CNW) and background (glass) 
components by thresholding and morphological filtering by object size and shape. The mean 
background height was subtracted from the foreground topography data and the adjusted heights 
of the pixels corresponding to CNWs were combined and binned to produce a histogram. 
2.11 Quantification of CNW Orientation 
The degree of orientation of the CNWs deposited on the surfaces was determined by image 
analysis of AFM images of C-500-12 and C-6000-12 samples.  Three replicate topography images 
were captured along the image x-axis for each of three replicate samples giving a total of nine 
images for each condition.  The images were flattened using Gwyddion SPM software (Czech 
Metrology Institute, Czech Republic) and thresholded and binarized using ImageJ (National 
Insitutes of Health, USA).  Matlab and the Matlab Image Processing Toolbox were then used to 
process the binary images using a series of morphological operations in order to simplify and 
disconnect overlapping objects.  Each binary object (whole or partial CNW) in the image was then 
fitted to an ellipse and the angle subtended by the major axis of the ellipse and the image x-axis ( ) 
was calculated along with the object size ( ) given by the number of constituent pixels.  For each 
image, containing   objects, the weighted mean absolute orientation (   ) was calculated using 
Equation 2.1. 
    
       
 
   
   
 
   
 
Equation 2.1 – Definition of the weighted mean absolute orientation (   ).      is given in terms 
of measured object angles ( ), size of objects ( ) and number of objects ( ). 
Each measured angle ( ) may range from -90° to +90°.  The mean absolute orientation (  ) is 
simply the average absolute value (modulus) of   and may therefore range from 0° to 90°.  When 
averaged over a population of measured objects, a value for    of 0 would correspond to a 
population in which every object is perfectly oriented along the image x-axis whereas a value of 90° 
would correspond to a population in which each object is perfectly oriented perpendicular to the x-
axis.  A value of 45° would correspond to a perfectly random (uniform) distribution of object 
orientations.  In experiments in which some degree of orientation along the x-axis is expected, we 
would therefore expect to calculate values for    that range from 0 to 45° although higher values are 
possible. 
In order to express the degree of orientation of CNWs,    was weighted by object size (to give    ) 
in order to minimize the contribution of small objects corresponding to debris or artefacts common 
in AFM imaging (i.e. scanning glitches).  In addition, a weighted mean orientation better represents 
the degree of orientation „experienced‟ by a cell. 
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Data were expressed as mean plus or minus 95% confidence intervals.  A Student‟s t-test was 
carried out to determine the probability that the observed difference between conditions was due 
solely to random error.  Unweighted radial histograms were also plotted.  The raw angle 
measurements were firstly transformed from axial to pseudo-directional data (i.e. from a scale of 
−90° to +90° to a scale of 0° to 360°) by adding 90° and doubling.  The data were then binned and 
plotted as radial histograms using Origin 8 Pro software. 
2.12 Maintenance and Subculture of Mammalian Cells 
The C2C12 murine myoblast cell line and J774A.1 murine macrophage cell line were both 
purchased from the European Collection of Cell Cultures (Health Protection Agency, UK).  Primary 
human mesenchymal stem cells derived from bone marrow (hMSCs) were purchased from 
PromoCell, Heidelberg, Germany.  Growth media and supplements for the different cell lines and 
experiments are described in Table 2.2. 
Table 2.2 – Formulations of cell culture media.  Different formulations of culture media were 
used for the different cell types and experiments. 
Designation Purpose Cell Type Basal Medium Supplements 
GM-C2C12 Expansion C2C12s 
DMEM (low 
glucose) 
10% (v/v) FBS 
1% (v/v) AB 
DM-C2C12 
Terminal 
Differentiation 
C2C12s 
DMEM (low 
glucose) 
2% (v/v) adult horse 
serum 
1% (v/v) AB 
GM-MSC Expansion hMSCs 
hMSC Growth 
Medium 
1% (v/v) AB 
MIM-MSC 
Myogenic 
differentiation of 
hMSCs 
hMSCs 
DMEM (low 
glucose) 
10% (v/v) FBS 
1% (v/v) AB 
50 μM hydrocortisone 
100 nM dexamethasone 
GM-J774A.1 Expansion J774A.1s 
DMEM (high 
glucose) 
10% (v/v) FBS 
1% (v/v) AB 
2 mM L-glutamine 
 
C2C12s were maintained in growth medium (GM-C2C12).  The cells were cultured in tissue-culture 
treated 75 cm
2
 tissue culture flasks.  The cells were subcultured every 2 to 3 days when 
approximately 80-90% confluent using the following procedure. The growth medium was removed 
from the flask and the cell monolayer was rinsed twice with PBS warmed to 37°C.  The cells were 
removed from the tissue culture plastic using trypsin-EDTA preparation (2 ml) at 37°C for about 3 
minutes.  Fresh growth medium (5 ml) was added and the cell suspension was removed to a 
centrifuge tube.  The cells were pelleted by centrifugation for 5 minutes at 1,500 rpm before 
resuspending in fresh growth medium.  The cells were replated at 1/5 to 1/10 of the original 
population density in fresh growth medium (15 ml) in a fresh 75cm
2
 tissue culture flask.  C2C12s 
were not used beyond passage 30 (purchased at passage 15).  Terminal differentiation of C2C12s 
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was induced by switching to differentiation medium (DM-C2C12) either 2 hours or 24 hours after 
seeding. 
J774A.1s were maintained in growth medium (GM-J774A.1).  The cells were cultured in tissue-
culture treated 75 cm
2
 tissue culture flasks and the growth medium was refreshed every second 
day.  As the cell line is semi-adherent, the subculture protocol was different to that described for 
C2C12s.  When 95% confluent the adherent fraction of the cell population was detached from the 
tissue-culture-plastic by gentle scraping.  The total cell suspension was then pelleted by 
centrifugation at 1,500 rpm for 5 minutes.  The pellet was then resuspended in fresh growth 
medium and replated at 1/5 of the original population density.  J774A.1s were not used beyond 
passage 15. 
hMSCs were maintained in complete mesenchymal stem cell growth medium (GM-MSC) from 
PromoCell, Heidelberg, Germany.  Cells were seeded to tissue-culture treated 75 cm
2
 tissue 
culture flasks at a density of 4,000 cm
-2
 and allowed to proliferate to approximately 90% confluent 
over the course of approximately 7 days, refreshing the growth medium every second day.  The 
cells were subcultured by the same method as for C2C12s except trypsinization was carried out at 
room temperature and the trypsinized cells were replated at 1/5 of the original cell density.  Cells 
were purchased at passage 2 and sub-cultured twice to expand the population.  At passage 4 the 
cells were frozen at -80°C using 10% (v/v) DMSO as a cryoprotectant and an isopropanol bath to 
ensure the correct freezing rate.  After 24 hours the vials were transferred to liquid nitrogen 
storage.  When required for an experiment, the cells were resurrected by thawing rapidly and 
replating in fresh growth medium.  The medium was replaced the following day and the cells were 
allowed to grow to 90% confluent over the course of approximately 4 to 7 days.  The cells were 
then harvested as for subculture and seeded to the experimental surfaces.  All experiments were 
therefore carried out at passage 5.  Myogenic differentiation of hMSCs was induced using 
myogenic induction medium (MIM-MSC) described by Engler et al. (2006). 
2.13 Sterilization of Samples and Cell Seeding 
Samples of clean glass, PAHCl coated glass and CNW coated surfaces were sterilized prior to cell 
culture studies by UV sterilization for 20 minutes in a biological safety cabinet.  The samples were 
placed in 12-well tissue culture plates (Nunc) in triplicate unless stated otherwise.  Cells were 
seeded to the surfaces at different densities depending on the experiment and cell type.  C2C12s 
were seeded at 40,000 per well for experiments in which proliferative (undifferentiated) cells were 
stained or assayed.  The C2C12s were seeded at the higher density of 80,000 for experiments in 
which cells were induced to differentiate and fuse.  hMSCs were always seeded at a density of 
15,200 per well (4,000 cm
-2
) as instructed by the supplier.  For the J774A.1 activation assay on 
CNW surfaces, the cells were seeded at a density of 50,000 per well.  Growth media were 
refreshed every two days.  For co-culture experiments of hMSCs with C2C12s, a ratio of 5 to 1 
respectively was used with a total of 80,000 cells seeded to each well of the 12-well plates.  The 
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co-cultures were seeded in growth medium (GM-C2C12) and differentiation was induced 24 hours 
later by changing the medium to differentiation medium (DM-C2C12).  Growth and differentiation 
media were refreshed every other day. 
2.14 Proliferation Assay 
Twelve replicate samples were used for each condition.  After seeding the C2C12s were allowed to 
attach, spread and proliferate for 24 hours after which the cultures were assumed to be in the log 
phase of growth.  The Alamar Blue (resazurin) viability assay was used to determine the rate of 
proliferation using the protocol given by Invitrogen.  Firstly the growth medium was aspirated and 
replaced with exactly 2 ml of fresh medium per well.  Alamar Blue working solution (150 μM, 200 
μl) was added to each well and the plates were incubated at 37°C for 2 hours.  200 μl aliquots of 
growth medium were removed in triplicate to black 96-well plates and the fluorescence was 
measured using a multiwell plate reader with excitation and emission wavelengths of 560 nm and 
590 nm respectively.  The growth medium was then aspirated from the sample wells and replaced 
with fresh medium.  48 hours after seeding, the assay was repeated giving a total of two time 
points from which the population doubling time (  ) was calculated using Equation 2.2. 
          
   
   
  
  
 
 
 
Equation 2.2 – Definition of population doubling time (  ).     is calculated directly from 
background subtracted fluorescence values which are directly proportional to cell number. 
The values of background corrected fluorescence and    were expressed as mean plus or minus 
95% confidence interval.  One-factor ANOVA was carried out followed by Tukey‟s comparison of 
means to determine the probability that the differences observed between conditions were due 
solely to random error. 
2.15 CFSE Staining 
In order to carry out morphological image analysis and determine the degree of cell orientation, it 
was necessary to stain the cells (both C2C12s and hMSCs) with a fluorescent stain for total 
protein.  Carboxyfluorescein diacetate succinimidyl ester (CFSE) was chosen as the resulting 
staining pattern was stronger at the centre of the cells and weaker towards the edges, facilitating 
Where: 
   = Time (hours) at measurement 1 
   = Time (hours) at measurement 2 
   = Fluorescence (background subtracted) at time 1 
   = Fluorescence (background subtracted) at time 2 
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automated segmentation of touching cells.  The cells were stained and then fixed at 1 hour and 24 
hours after seeding.  Firstly, the growth medium was aspirated and the cells were rinsed twice with 
Hank‟s balanced salt solution (HBSS) warmed to 37°C.  A stain solution of 6.25 μM CFSE in HBSS 
was then added to each well and the plates were incubated at 37°C for 20 minutes.  The working 
solution was then aspirated and the cells were again rinsed twice with fresh HBSS.  The cells were 
then fixed with PFA (3% w/v in PBS) for 10 minutes before rinsing twice with fresh PBS.  Finally the 
cell nuclei were stained with DAPI (300 nM) dissolved in a 0.1% (v/v) solution of Triton X-100 in 
PBS for 10 minutes before mounting in ProLong Gold antifade reagent.  Microscopy was carried 
out the following day as the background fluorescence was found to increase with time. 
2.16 Microscopy and Image Analysis for Cell Orientation 
For each of 3 replicate samples, 5 microscopy images were captured at 40× magnification along 
the x-axis of the sample.  This gave a total of 15 images for each condition at each time point.  The 
images were then analysed using CellProfiler software (Broad Institute of MIT and Harvard, USA) 
to threshold and segment the individual cells and to determine the orientation relative to the image 
x-axis.  The cell nuclei were initially identified by thresholding and watershed segmentation.  The 
position of the nuclei was then used in order to aid the segmentation of touching cells.  The 
orientation was determined by fitting an ellipse to each cell area and calculating the angle ( , -90° 
to +90°) formed by the ellipse major axis and the image x-axis. 
For each image the mean absolute orientation (  ) was calculated according to Equation 2.3.  This 
was analogous to the weighted mean absolute orientation (   ) calculated for the CNW images, 
except that no weighting was applied.  
   
     
 
   
 
 
Equation 2.3- Definition of the mean absolute orientation (  ).     is given in terms of measured 
object angles ( ) and number of objects ( ). 
As for     the values of    ranged from 0° to 90°.  A value of 0° would correspond to perfect 
orientation of every cell along the image x-axis, 90° would correspond to perfect orientation along 
the image y-axis and 45° would indicate a perfectly random (uniform) distribution.  Data were 
expressed for each condition as mean plus or minus 95% confidence interval.  One-factor ANOVA 
followed by Tukey‟s comparison of means was carried out to determine the probability that the 
observed differences between conditions arose solely from random error. 
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2.17 Immunocytochemistry 
The time points, antibodies, antibody concentration, incubation time and temperature and 
permeabilization varied for different experiments.  These conditions are given in Table 2.3.  The 
following general method was used in each case.  At the required time point, the growth medium 
was aspirated and the cells were rinsed twice with cold PBS.  The cells were then fixed for 10 
minutes in 3% (w/v) PFA solution in PBS.  A blocking buffer was formulated with 1% (v/v) goat 
serum, 0.1% (w/v) BSA and, if permeabilization was required, 0.1% (v/v) Triton X-100 in PBS.  The 
samples were blocked with blocking buffer for 30 minutes in order to minimize non-specific 
adsorption of the primary and secondary antibodies.  The blocking buffer was then aspirated and 
replaced with the primary antibody dissolved in blocking buffer.  After the required incubation time 
the antibody solution was aspirated and the samples were rinsed three times with fresh PBS.  The 
secondary antibody was then added to each sample dissolved in blocking buffer at a dilution of 
1/1000.  The samples were incubated in the dark at room temperature for 1 hour after which the 
antibody solution was removed.  The samples were again rinsed three times with fresh PBS and 
the cell nuclei were stained with DAPI (300 nM) in PBS for 10 minutes.  Triton X-100 (0.1% v/v) 
was added to the DAPI solution if permeabilization had not already been carried out.  The samples 
were rinsed a final time in fresh PBS before being allowed to partially air dry.  The samples were 
then mounted in ProLong Gold antifade reagent which was allowed to cure overnight in the dark 
before the microscopy was carried out.  For staining of f-actin, FITC-phalloidin (12.5 μg/ml) 
dissolved in blocking buffer was added prior to the secondary antibody with incubation for 30 
minutes at 37°C.  All fluorescence microscopy was carried out using a Leica SP5 confocal 
microscope using 405 nm, 488 nm and 546 nm laser lines.  All microscopy images were 
representative unless stated otherwise. 
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Table 2.3 – Antibodies and staining conditions for immunocytochemisty. 
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Focal adhesions 
1 hr 
24 hr 
Vinculin 
SigmaAldrich 
v9131 
1/500 1hr RT Y AF546-M 
Terminal 
differentiation 
2 days 
4 days 
7 days 
MHC 
Abcam 
ab7784 
1/1000 1hr RT Y AF488-M 
Early terminal 
differentation 
1 day 
2 days 
3 days 
Myogenin 
Abcam 
ab1835 
1/500 2hr RT Y AF546-M 
Early myogenic 
differentiation 
7 days MyoD 
Abcam 
ab16148 
1/200 16hr 4°C Y AF546-M 
ECM deposition 
4 days 
7 days 
Mouse 
Fibronectin 
Abcam 
ab23750 
1/500 1hr RT N AF546-R 
hMSC/C2C12 co-
culture 
7 days Lamin A 
Abcam 
ab108595 
1/500 16hr 4°C Y AF546-R 
 
2.18 Preparation of Cells for AFM Imaging 
For AFM imaging of myoblasts on the CNW surfaces, the cells were ﬁxed and dried 12 hours after 
seeding.  The growth medium was aspirated and the cells were rinsed twice with PBS warmed to 
37 °C.  The cells were then fixed with glutaraldehyde (1.5% v/v in PBS) for 30 minutes at 5 °C. The 
samples were then washed three times with double-distilled (Milli-Q) water before being allowed to 
dry in air at room temperature. Topography images were captured in tapping mode. 
2.19 Image Analysis of Myogenin Expression and Myotube Formation 
After staining for either myogenin or MHC, confocal fluorescence micrographs were captured for 
three different fields of view for each of three replicate samples giving a total of nine images for 
each condition and time point.  CellProfiler software was used to carry out the image analysis.  For 
myogenin, the blue and red channels were separated and thresholded and the number of objects 
were counted and filtered for size.  The number of red fluorescent myogenin positive nuclei and the 
number of blue fluorescent total nuclei were determined for each image and the fraction of 
myogenin positive nuclei were calculated.  For quantification of myoblast fusion, the blue and green 
channels were separated and thresholded and the total number of blue fluorescent nuclei was 
determined along with the number of nuclei within green fluorescent MHC positive regions 
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(myotubes).  The fraction of the total nuclei that were located within myotubes (the myogenic index) 
was calculated for each image.  Data were plotted as mean values plus or minus 95% confidence 
intervals. 
2.20 Cytotoxicity of CNW Suspensions 
In order to determine the cytotoxicity of CNWs in suspension, a range of concentrations of CNWs 
was prepared by serial dilution.  Firstly, a sample of exactly 1% w/w concentration of CNWs was 
prepared in deionized water by freeze drying followed by reconstitution and resonication.  A serial 
dilution was prepared aseptically with sterile deionized water in order to make the following 
concentrations of suspension:  10 mg/ml, 5 mg/ml, 2.5 mg/ml, 1.25 mg/ml, 0.625 mg/ml, 0.313 
mg/ml and 0.156 mg/ml.  The CNW suspensions were then diluted tenfold in complete growth 
medium to give the following final concentrations:  1000 μg/ml, 500 μg/ml, 250 μg/ml, 125 μg/ml, 
62.5 μg/ml, 31.3 μg/ml and 15.6 μg/ml.  A tenfold dilution of deionized water in growth medium (“0 
μg/ml”) was used as a control in addition to 100% complete growth medium.  After dilution, the final 
suspensions were vortexed for 5 seconds to completely mix the samples.  The quality of the final 
suspensions in growth medium was assessed by phase contrast microscopy 24 hours after 
preparation. 
C2C12 myoblasts and J774A.1 macrophages were seeded to 96-well tissue culture treated flat 
bottom plates at a density of 4,000 and 10,000 per well respectively.  The cells were allowed to 
attach, spread and proliferate.  One row of wells was seeded with cell-free growth medium as a 
background for the assays.  The background wells were treated to all of the same assay steps as 
the experimental wells.  24 hours after seeding, the medium was aspirated and the cells were 
rinsed once with growth medium at 37°C in order to remove any dead cells or non-adherent 
J774A.1s.  The CNW suspensions in growth medium (100 μl per well) were then added along with 
the 0 μg/ml and 100% growth medium controls.  Lipopolysaccharide (10 μg/ml) was used as a 
positive control for macrophage activation in the J774A.1 experiments.  The plates were incubated 
at 37°C for a further 24 hours after which phase contrast microscopy was carried out at both 10× 
and 40× magnification before the relevant assays were performed. 
2.21 MTT Cytotoxicity Assay 
The MTT viability assay was used in order to determine the cytotoxicity of the CNW suspensions.  
Firstly the CNW supensions in growth medium were aspirated and the cells were rinsed once with 
fresh growth medium warmed to 37 °C.  Exactly 100 μl fresh medium was added to each well and 
followed by 10 μl MTT working solution (12 mM in PBS). The plates were then incubated for a 
further 4 hours at 37 °C.  All but 50 μl of growth medium was then removed and DMSO (100 μl) 
was added to each well.  The wells were stirred gently using a multichannel pipette and the 
absorbance was read at 540 nm.  The background reading was subtracted from the absorbance 
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values and the data were normalized by the absorbance for the positive control (100% growth 
medium). 
2.22 Live/Dead Assay 
The Live/Dead assay (Invitrogen) was carried out according to the manufacturer‟s instructions.  
The assay consists of calcein acetomethoxy derivative (calcein AM) which stains viable cells green 
fluorescent when metabolically cleaved and membrane impermeant ethidium homodimer which 
stains non-viable cells red fluorescent.  Only the 15.6 μg/ml and 1000 μg/ml CNW suspensions 
along with the 100% growth medium and 0 μg/ml controls were used for this assay.  The cells were 
seeded to chambered glass slides and allowed to attach for 24 hours before addition of the CNWs.  
After a further 24 hour incubation, the growth medium was aspirated and the cells were rinsed 
once with HBSS at 37 °C.  A mixed working solution of 2 μM calcein AM and 4 μM ethidium 
homodimer was prepared in HBSS at 37 °C and aliquots of 500 μl were added to each of the four 
chambers on the slide.  The cells were incubated at room temperature for 30 minutes before 
imaging using a Leica SP5 confocal microscope with 488 nm and 561 nm laser lines.  Images were 
captured in triplicate. 
2.23 Peroxide Assay for Macrophage Activation 
After incubation with the CNW suspensions the growth medium was aspirated and the cells were 
rinsed once with fresh growth medium at 37 °C.  A working solution of dichlorofluorescein (100 μl, 
20 μM) in HBSS was added to each well and the plates were incubated for a further 2 hours at 37 
°C.  The fluorescence was then measured using a plate reader with excitation and emission filters 
of 485 nm and 530 nm respectively.  Background values were subtracted and the data were 
normalized by the fluorescence for the positive control (LPS).  Additionally the data were 
background normalized by the MTT viability data in order to correct for the cytotoxicity of the 
CNWs. 
James Dugan PhD 2011 
  69 
3 Results 
3.1 Surfaces of CNWs for Tissue Engineering: Proof of Principle 
A small sample of CNWs extracted from the tunicate Halocynthia roretzi were provided by Dr 
Laurent Heux (CERMAV, Grenoble, France).  In order to assess the potential of CNWs for tissue 
engineering, surfaces were prepared by a modified version of the spin coating method described 
by Cranston and Gray (2008).  The surfaces were seeded with the C2C12 myoblast cell line with 
the rationale that skeletal muscle cells may be particularly susceptible to topographical cues from 
high aspect ratio particles due to the highly oriented structure of skeletal muscle in vivo and the 
high aspect ratio of skeletal muscle fibres themselves.  Oriented surfaces of CNWs were prepared 
successfully and supported the adhesion of C2C12s.  Many cells displayed contact guidance, 
forming an oriented morphology.  Upon induction of terminal differentiation the myoblasts fused to 
form myotubes with almost perfect orientation, highlighting the potential of CNWs for guided tissue 
engineering applications. 
CNW surfaces were prepared by spin coating at either 500 rpm or 6000 rpm.  The resulting 
surfaces were homogeneous and reproducible with CNWs adsorbed as a sub-monolayer film.  
AFM topography images of the surfaces are shown in Figure 3.1.  The effect of varying spin speed 
is also evident.  Significantly more CNWs were oriented parallel to the radial axis on the surface 
prepared at the faster speed of 6000 rpm (Figure 3.1b) compared to the lower spin speed. 
The height distribution of the CNW surfaces was determined by morphological image analysis 
(Figure 3.2).  The distribution was not symmetrical, with a longer tail at larger height values.  This is 
most likely due to CNWs that were overlapping one another, skewing the mean height value of 
17.6 nm towards a higher value.  It is likely that the modal height of ~15 nm corresponds to the 
mean CNW diameter as most foreground pixels correspond to non-overlapping sections of CNWs. 
Morphological image analysis was also carried out to determine the degree of orientation of the 
CNWs versus spin coater speed.  Radial histograms of CNW orientation are shown in Figure 3.3.  
The radial distribution of orientations was roughly uniform in all directions for the surfaces prepared 
using the low spin speed of 500 rpm, indicating a low degree of relative CNW orientation.  
Conversely, for the surfaces prepared using a high spin speed of 6000 rpm, the orientation 
distribution was skewed heavily towards a single direction and appeared distinctly unimodal.  This 
indicated a significant degree of CNW orientation as a result of the faster spin speed.  This effect 
was quantified by calculating the weighted mean absolute orientation (   ), displayed in Figure 3.4.  
    was significantly lower on the C-6000 surfaces prepared at 6000 rpm, indicating a high degree 
of relative orientation.  This difference was statistically significant at p<0.001. 
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Figure 3.1 – AFM topography images of CNW surfaces prepared using different spin speeds.  
(a) A CNW surface prepared using a low spin speed of 500 rpm (C-500-20).  (b) A CNW surface 
prepared using a high spin speed of 6000 rpm (C-6000-20).  The CNWs were significantly more 
oriented on the surface prepared using a higher spin speed.  The arrow indicates the approximate 
radial axis. 
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Figure 3.2 - Histogram of CNW (pixel) height from image analysis of AFM topography 
images.  The mean height was 17.6 nm and the mode was approximately 15 nm.  The distribution 
was not symmetrical and appeared skewed towards lower height values. 
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Figure 3.3 - Radial histograms showing the distributions of CNW orientations on surfaces 
prepared using different spin speeds.  (a) Orientation of CNWs on surfaces prepared using a 
low spin speed (C-500-20) and (b) orientation of CNWs on surfaces prepared using a high spin 
speed (C-6000-20).  The distribution was approximately uniform for the surfaces prepared using a 
low spin speed indicating very little bulk orientation.  Conversely the distribution was strongly 
unimodal for the surfaces prepared using a high spin speed indicating a significant degree of bulk 
orientation. 
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Figure 3.4 - Weighted mean absolute orientation (   ) of CNWs on surfaces prepared using 
different spin speeds.  The value of     was significantly lower for the surfaces prepared using a 
high spin speed (6000 rpm versus 500 rpm) indicating a significant degree of bulk orientation.  
Student’s t-test gave a p-value of 7.60×10
-5
 indicating a significant difference between the 
conditions.  Error bars denote 95% confidence intervals. 
The morphology and orientation of C2C12s seeded to the CNW surfaces are shown in Figure 3.5 
which gives fluorescence micrographs of C2C12s stained with CFSE to highlight the morphology 
and orientation, and radial histograms to display the orientation distributions measured by 
morphological image analysis.  The cells had adhered and spread upon all three surfaces, but 
most cells were oriented parallel to the radial axis on the high orientation C-6000-20 surface which 
was not observed on either the glass or the low orientation C-500-20 surface.  The oriented CNW 
surfaces had apparently induced contact guidance in the C2C12s.  This was reflected in the radial 
histograms which were approximately uniform for both the glass and C-500-20 surfaces, but which 
were highly unimodal and skewed towards the radial axis for the cells on the C-6000-20 surfaces.  
The degree of orientation was quantified as the mean absolute orientation (  ) shown in Figure 3.6.  
The value of    was significantly lower on the C-6000-20 surfaces compared to glass and the C-
500-20 surfaces, indicating a significantly higher degree of relative orientation.  This difference was 
statistically significant at p<0.001). 
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Figure 3.5 – Orientation of C2C12s on glass and CNW surfaces, 12 hours after seeding.  (a-c) 
Confocal fluorescence micrographs of C2C12s stained with CFSE (general protein stain).  The 
arrow indicates the approximate radial axis.  (d-f) Radial histograms showing the distribution of 
C2C12 orientations.  (a, d) Glass, (b, e) C-500-20, (c, f) C-6000-20.  The C2C12s adopted highly 
oriented morphologies only on the high orientation C-6000-20 surfaces which was reflected in the 
unimodal radial histogram. 
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Figure 3.6 – Mean absolute orientation (  ) of C2C12s growing on glass and CNW surfaces.  
   was significantly lower on the high orientation C-6000-20 surfaces indicating a significant degree 
of cell orientation.  ANOVA indicated a significant difference between conditions at p<0.001.  Greek 
labels denote groups within which no significant difference was observed (Tukey’s test at α=0.05). 
C2C12s were stained for f-actin and vinculin (Figure 3.7 and Figure 3.8) at either 4 hours or 12 
hours after seeding on glass, C-500-20 or C-6000-20 surfaces.  After 4 hours the morphology of 
the myoblasts on the glass control was significantly less spread than on the C-500-20 surfaces and 
the C-6000-20 surfaces.  There was also qualitatively less vinculin expression on the glass control 
and the vinculin appeared better organized into discrete adhesions on the CNW surfaces.   
After 12 hours the myoblasts were well spread on all types of surface.  Large stress fibres were 
observed and many well defined focal adhesions had formed.  However, at higher magnification 
(Figure 3.8) the vinculin appeared to be distributed differently on the glass controls compared to 
the CNW surfaces.  In addition to the large „dash-shaped‟ focal adhesions, many smaller „dot-
shaped‟ adhesions had formed on the CNW surfaces which were absent on the glass controls. 
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Figure 3.7 – Confocal fluorescence micrographs of C2C12s on different surfaces stained for 
f-actin and vinculin.  Nuclei (blue), f-actin (green) and vinculin (red).  (a) Glass, 4 hours, (b) C-
500-20, 4 hours, (c) C-6000-20, 4 hours, (d) glass, 12 hours, (e) C-500-20, 12 hours, (f) C-6000-
20, 12 hours.  The cells were more spread on the C-500-20 and C-6000-20 surfaces compared to 
glass after 4 hours.  More mature f-actin stress fibres were observed after 12 hours. 
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Figure 3.8 – High magnification confocal fluorescence micrographs of C2C12s stained for 
vinculin on different surfaces 12 hours after seeding.  (a) Glass, (b) C-500-20, (c) C-6000-20.  
Several longer focal adhesions were observed along with many more small dot-shaped adhesions 
on the C-500-20 and C-6000-20 surfaces compared to glass. 
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Figure 3.9 – AFM topography images of a C2C12 myoblast on a C-6000-20 CNW surface 12 
hours after seeding.  (a) Low magnification, 80 μm × 80 μm, (b) high magnification, 20 μm × 20 
μm.  The cell was oriented in the same direction as the CNWs.  Several fine filopodia were 
observed in the high magnification image. 
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Using AFM it was possible to image the edges of the myoblasts interacting with the CNWs (Figure 
3.9). Several extremely ﬁne ﬁlopodia were observed extending from the edge of the cell.  Above all 
it is clear that the CNW surfaces are stable with respect to cell culture conditions as the surfaces 
are still intact after cell culture for 12  hours and several rinsing and fixing steps. 
After 7 days the myoblasts had fused to form many large myotubes (Figure 3.10). On the glass 
controls the myotubes were less well defined and regions of diffuse myosin staining were 
observed. However, on the C-500-20 and C-6000-20 surfaces the myotubes had an elongated 
morphology and qualitatively more myosin expression was observed. The myotubes were 
significantly less oriented on the C-500-20 surfaces than on the C-6000-20 surfaces and had 
formed a swirling, whorled pattern. The bulk orientation of the myotubes was best observed in the 
large scale tile scans (Figure 3.10d to Figure 3.10f). The radial orientation was particularly striking 
on the C6000 surface on which the myotubes had formed a fan-like pattern radiating from the 
centre of the rectangular samples, in line with the underlying CNW orientation. 
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Figure 3.10 – Confocal fluorescence micrographs and large scale tile scans of C2C12 
myoblasts and myotubes stained for MHC on different surfaces 7 days after seeding.  Nuclei 
(blue) and MHC (green).  (a) Glass, 10×, (b) C-500-20, 10×, (c) C-6000-20, 10×, (d) glass, tile-
scan, (e) C-500-20, tile-scan, (f) C-6000-20, tile-scan.  Many more mature myotubes were 
observed on the C-500-20 and C-6000-20 surfaces compared to glass.  The myotubes were 
oriented radially in line with the underlying CNWs on the C-6000-20 surfaces. 
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3.2 Surfaces of CNWs from Ascidiella sp. for Tissue Engineering Skeletal 
Muscle 
CNWs were prepared from the tunicate Ascidiella sp. and characterised by TEM, AFM, FTIR and 
conductimetry.  The lateral dimensions of the CNWs were found to be smaller than the CNWs from 
Halocynthia roretzi giving adsorbed surfaces with a mean height of only 5.5 nm.  The effect of 
modulating the spin speed and CNW concentration on the degree of myoblast orientation was 
determined and the effect of CNW orientation on the onset of terminal differentiation and myoblast 
fusion was investigated.  It was demonstrated that CNW surfaces offer a tuneable tool to provide 
structural cues to direct both the morphology and the differentiation of tissue engineered skeletal 
muscle. 
Having observed the high degree of myotube orientation on the surfaces of CNWs from 
Halocynthia roretzi (section 3.1) the degree of myoblast orientation under both expansion and 
differentiation conditions was also investigated.  No notable difference was observed however 
indicating that the enhanced orientation displayed by myotubes (relative to myoblasts) likely arises 
from morphological constraints or self-templating following ECM modelling. 
3.2.1 Characterization of CNWs 
The whisker-like morphology of the CNWs may be observed by high magnification TEM (Figure 
3.11).  Due to the very high aspect ratio of the CNWs produced from Ascidiella sp. tunicin, the 
particle-like nature of the CNWs was a little unclear from the TEM images.  Due to the 
polydispersity of CNW suspensions, some short CNWs are evident in the lower magnification 
image however (Figure 3.11a).  The black particles observed in Figure 3.11a are most likely 
artefacts from the negative staining procedure. 
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Figure 3.11– TEM micrographs of CNWs negatively stained with uranyl acetate.  (a) Low 
magnification, (b) high magnification.  The whisker-like morphology of the CNWs was observed. 
Image analysis of replicate TEM images was carried out.  A histogram of the CNW width 
measurements is shown in Figure 3.12.  The mean width was calculated to be 6.6 nm with an 
apparent modal value of approximately 6-7 nm.  The data are nearly symmetrical and appear 
approximately normally distributed. 
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Figure 3.12 – Histogram of CNW widths from image analysis of TEM images.  The mean width 
was 6.6 nm and the modal width was approximately 6.5 nm. 
As the CNWs were isolated directly from the organism rather than a commercial cellulosic raw 
material, it was necessary to confirm spectroscopically that the purified tunicin and hydrolysed 
CNWs were indeed composed principally of cellulose.  FTIR spectra of purified tunicin, hydrolysed 
CNWs and high purity cotton powder are displayed in Figure 3.13.  The high purity cotton powder 
is a positive control for pure cellulose and gives a benchmark FTIR spectrum.  The approximate 
wavenumbers of the absorptions are essentially the same for all three samples although some 
small variations were observed.  This variation could stem from the different physical forms of the 
samples or from the sulfation side reaction expected from sulfuric acid hydrolysis of cellulose.  
However, both the purified tunicin and the CNWs were clearly composed principally of cellulose. 
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Figure 3.13 – FTIR spectra of tunicin CNWs, purified tunicin and high purity cotton powder.  
(a) Tunicin CNWs, (b) purified tunicin and (c) high purity cotton powder.  The FTIR spectra were 
essentially identical indicating that the tunicin extracted from Ascidiella sp. is indeed cellulose. 
The overall surface charge of the CNWs was determined using conductimetric titration (Figure 
3.14).  The conductivity was initially observed to decrease upon addition of the sodium hydroxide 
solution confirming the negative surface charge of the CNWs.  After reaching the equivalence point 
at around 1.5 ml NaOH added, the conductivity began to increase with subsequent NaOH addition.   
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Figure 3.14 – Conductimetric titration curve of CNWs prepared via sulfuric acid hydrolysis 
titrated against aqueous sodium hydroxide.  The shape of the curve indicated that the CNWs 
were acidic and were therefore negatively charged. 
3.2.2 Characterization of Spin-Coated CNW Surfaces 
Surfaces of CNWs were prepared for cell culture studies using a spin coating method.  Positively 
charged PAHCl was used as a sandwich layer between the negatively charged glass surface and 
negatively charged CNWs, with the hypothesis that electrostatically mediated adsorption could 
then occur.  AFM images of CNW surfaces prepared by spin coating with and without a PAHCl 
layer are shown in Figure 3.15.  The surface prepared without PAHCl (Figure 3.15a) bore no 
CNWs whereas the surface prepared using PAHCl (Figure 3.15b) was covered with a homogenous 
and reproducible sub-monolayer of adsorbed CNWs.  Freshly cleaned glass (predominantly silica) 
is clearly not a suitable surface for preparing CNW surfaces by spin coating and a positively 
charged layer such as PAHCl is necessary.  All further CNW surfaces were prepared using PAHCl. 
James Dugan PhD 2011 
  86 
   
Figure 3.15 – AFM topography images of CNW surfaces prepared either with or without a 
PAHCl sandwich layer.  (a) Prepared without PAHCl and (b) prepared with PAHCl.  No 
appreciable adsorption was observed when PAHCl was not used.  Conversely a high degree of 
uniform CNW adsorption was observed when a PAHCl sandwich layer was employed. 
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Figure 3.16 – Histogram of CNW (pixel) height from image analysis of AFM topography 
images.  The mean height was 5.5 nm and the mode was approximately 6 nm. 
The height of the CNWs deposited on the surfaces was determined by image analysis of AFM 
topography images.  A histogram of background subtracted CNW pixel height is shown in Figure 
3.16.  The mean was calculated to be 5.5 nm and the mode was approximately 6.0 nm.  These 
values were similar to those calculated for the CNW width from TEM images.  The distribution did 
not appear symmetrical and was skewed towards higher values. 
Examples of CNW surfaces prepared using a variety of different parameters are shown in Figure 
3.17.  The effect of varying the spin speed of the spin coater is clear from comparing Figure 3.17a 
and Figure 3.17b which show surfaces prepared at 500 rpm with Figure 3.17c and Figure 3.17d 
which show surfaces prepared at 6000 rpm.  The surfaces prepared at 500 rpm display CNWs that 
are oriented in many different directions with no clear bulk orientation.  By contrast, however, the 
surfaces prepared at 6000 rpm display CNWs which are almost entirely oriented around a single 
direction, corresponding to the approximate radial axis at the location that the image was captured. 
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Figure 3.17 – AFM topography images of CNW surfaces prepared using different conditions.  
(a) 500 rpm spin speed and 4×10
-3
% (w/w) CNW concentration (C-500-4), (b) 500 rpm spin speed 
and 12×10
-3
% (w/w) CNW concentration (C-500-12), (c) 6000 rpm spin speed and 4×10
-3
% (w/w) 
CNW concentration (C-6000-4) and (d) 6000 rpm spin speed and 12×10
-3
% (w/w) CNW 
concentration (C-6000-12).  The arrow indicates the approximate radial axis.  A greater degree of 
CNW adsorption was observed when a higher CNW concentration was employed.  The CNWs 
were significantly oriented on the surfaces prepared using a high spin speed. 
The effect of varying the concentration of CNWs used to prepare the surfaces is clear from Figure 
3.17a and Figure 3.17c which show surfaces prepared from a CNW suspension of 4×10
-3
% (w/w) 
versus Figure 3.17b and Figure 3.17d which were prepared using a concentration of 12×10
-3
%.  
The density of whiskers is clearly greater on the surfaces prepared using the higher concentration.  
This effect was further illustrated by image analysis of AFM images of surfaces prepared using a 
range of CNW concentrations (Figure 3.18).  The density of CNWs on the surfaces clearly 
James Dugan PhD 2011 
  89 
increases with increasing CNW suspension concentration (statistically significant difference at 
p<0.001).  In addition, no significant difference in this trend or the absolute CNW densities was 
observed between the surfaces prepared using a low spin speed of 500 rpm and the surfaces 
prepared using a high spin speed of 6000 rpm.  The method used to produce the CNW surfaces is 
therefore suitable for preparing surfaces with tuneable CNW density and orientation.  The results of 
a two factor ANOVA are given in Table 3.1. 
   
Figure 3.18 – Plot of adsorption density of CNWs as a function of CNW suspension 
concentration for surfaces prepared at 500 rpm and 6000 rpm.  Adsorption density increased 
with increasing CNW concentration. 
Table 3.1 – Results of a two-factor ANOVA to compare the difference in CNW adsorption 
density due to varying CNW concentration and spin coater speed.  A statistical difference 
(p<0001) in the degree of CNW adsorption was identified between different concentrations of CNW 
suspension (factor 2).  No difference was observed between different spin speeds (factor 1). 
Two Factor ANOVA 
Factor Description p-value Statistical Difference 
1 Speed of spin coater 0.556 No 
2 Concentration of CNW suspension 3.67×10
-4
 Yes (p<0.001) 
 
The relative orientation of the CNWs was quantified using morphological image analysis on 
replicate AFM images.  Figure 3.19 shows average radial histograms of the CNW orientations.  
The distribution for the C-500-12 surfaces prepared using a low spin speed is clearly more uniform 
than the distribution for the C-6000-12 surfaces prepared using a high spin speed which is clearly 
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unimodal.  Some orientation in the low spin speed samples was observed however.  The weighted 
mean absolute orientation (   ) was used to quantify the degree of orientation in a single statistic 
(Figure 3.20).      was significantly lower for the surfaces prepared at a high spin speed with a 
significant difference at p<0.001. 
   
Figure 3.19 – Radial histograms of the CNW orientations on surfaces prepared at different 
spin speeds.  (a) 500 rpm (C-500-12) and (b) 6000 rpm (C-6000-12).  The distribution was more 
unimodal for the surfaces prepared at 6000 rpm indicating a greater degree of orientation. 
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Figure 3.20 – Weighted mean absolute orientation (   ) of CNWs on surfaces prepared using 
different spin speeds.      was significantly lower on the surfaces prepared using a high spin 
speed indicating a higher degree of orientation.  Student’s t-test gave a p-value of 4.95×10
-15
 
indicating a significant difference between the conditions.  Error bars denote 95% confidence 
intervals. 
3.2.3 Cell Proliferation 
The rate of proliferation of C2C12s on the cellulose surfaces as well as glass and PAHCl controls 
was determined using the Alamar Blue proliferation assay (Figure 3.21).  All of the surfaces 
supported cell proliferation as demonstrated by the positive values of fluorescence intensity shown 
in Figure 3.21a.  Population doubling time (  ), however, is a better measure of proliferation as it is 
a single statistic for proliferation rate.  Significantly lower values of    were observed for the 
PAHCl, C-500-12 and C-6000-12 compared to the glass controls, indicating a slower rate of 
proliferation on glass (Figure 3.21b).  One way ANOVA gave p-values of <0.001 for the 
fluorescence values as well as calculated values of   .  Tukey‟s test (α=0.05) indicated that for 
fluorescence values, only the C-500-12 surface gave a significantly higher value than glass at day 
2.  No other significant differences were observed (within each time point).  For    the PAHCl, C-
500-12 and C-6000-12 surfaces all gave significantly shorter values of    than glass.  The PAHCl 
and C-500-12 surfaces also gave significantly shorter    than C-6000-12.  The result indicates that 
proliferation is supported and upregulated on both the CNW surfaces and the PAHCl surface 
relative to glass as a negative control. 
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Figure 3.21 – Proliferation assay for C2C12s on different surfaces.  (a) Fluorescence values 
corrected for background at 1 day and 2 days after seeding.  (b) Population doubling time (  ) as a 
measure of proliferation rate.     was significantly lower on the PAHCl, C-500-12 and C-6000-12 
surfaces compared to glass.  One factor ANOVA indicated a statistical difference between 
conditions for fluorescence values and calculated values of   .  Greek letters indicate groups within 
which no statistical significance was observed (Tukey’s test at α=0.05).  Error bars denote 95% 
confidence intervals. 
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3.2.4 Cell Orientation 
The morphologies of C2C12s grown on the different surfaces under both growth and differentiation 
conditions at 1 hour and 24 hours after seeding are shown in Figure 3.22 and Figure 3.23.  Under 
growth medium conditions (GM-C2C12, Figure 3.22) many cells had adhered to all of the surfaces 
although the cells were significantly less spread at 1 hour compared to 24 hours after seeding.  On 
the C-6000-12 CNW surfaces the cells were significantly more oriented in the direction of the local 
radial axis as indicated by the white arrow.  This orientation was even observed, although to an 
apparently lesser extent, after just 1 hour.  Under differentiation medium conditions (DM-C2C12s, 
Figure 3.23) the same orientation was observed as under growth medium conditions, although 
qualitatively fewer cells were observed in total at both time points. 
The relative orientation of the observed cell populations was determined using morphological 
image analysis.  Radial histograms of cell orientation are shown for growth medium (GM-C2C12) 
conditions in Figure 3.24 and for differentiation medium (DM-C2C12) conditions in Figure 3.25.  
The radial histograms appear approximately uniform for the PAHCl and C-500-12 CNW surfaces 
under both growth and differentiation conditions and at both time points.  For the C-6000-12 CNW 
surfaces, however, the radial histograms clearly appear unimodal indicating a significant degree of 
orientation.  Such unimodal histograms were observed for both growth and differentiation 
conditions and at both time points. 
The degree of orientation was summarized in a single statistic, the mean absolute orientation (  ) 
shown in Figure 3.26.  Under growth medium conditions, no significant difference was observed 
between the PACHCl and the C-500-12 surfaces at either time point.     was significantly lower, 
however, on the C-6000-12 surfaces compared to the C-500-12 and PAHCl surfaces, and    on the 
C-6000-12 surfaces at 24 hours was significantly lower than at 1 hour.  No further differences were 
observed between growth medium (GM-C2C12) and differentiation medium (DM-C2C12) 
conditions at the 24 hour time point (Figure 3.26b). 
The effect of CNW adsorption density on the degree of C2C12 orientation was also determined.  
Radial histograms of the cell orientations at different densities are shown in Figure 3.27.  With 
increasing CNW density, the distributions become increasingly more unimodal with a narrower 
orientation distribution.  This is further exemplified by the mean absolute orientation (  ) for each 
condition (Figure 3.28).  Values of    on the C-6000-6, C-6000-8 and C-6000-10 surfaces were all 
significantly lower than on the PAHCl, C-500-4 and C-6000-4 surfaces, but were not significantly 
different from each other.  The value of    on the C-6000-12 surface was significantly lower than all 
of the other surfaces.  Increasing surface density of CNWs therefore leads to increasing orientation 
of C2C12s seeded to the surfaces. 
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Figure 3.22 – Fluorescence micrographs of C2C12s cultured in growth medium (GM-C2C12) 
stained with CFSE (general protein stain) at 1 hour and 24 hours after seeding on different 
surfaces.  (a) PAHCl, 1 hour, (b) C-500-12, 1 hour, (c) C-6000-12, 1 hour, (d) PAHCl, 24 hours, (e) 
C-500-12, 24 hours, (f) C-6000-12, 24 hours.  The arrow indicates the approximate radial axis.  
The cells were more spread after 24 hours than after 1 hour.  The cells were significantly oriented 
in line with the radial axis on the C-6000-12 surfaces after 24 hours. 
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Figure 3.23 - C2C12s cultured in differentiation medium (DM-C2C12) stained with CFSE 
(general protein stain) at 1 hour and 24 hours after seeding on different surfaces.  (a) PAHCl, 
1 hour, (b) C-500-12, 1 hour, (c) C-6000-12, 1 hour, (d) PAHCl, 24 hours, (e) C-500-12, 24 hours, 
(f) C-6000-12, 24 hours.  The arrow indicates the approximate radial axis.  The cells were more 
spread after 24 hours than after 1 hour.  The cells were significantly oriented in line with the radial 
axis on the C-6000-12 surfaces after 24 hours. 
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Figure 3.24 – Radial histograms of C2C12 orientation at 1 hour and 24 hours after seeding 
on different surfaces under growth medium (GM-C2C12) conditions.  (a) PAHCl, 1 hour, (b) C-
500-12, 1 hour, (c) C-6000-12, 1 hour, (d) PAHCl, 24 hours, (e) C-500-12, 24 hours, (f) C-6000-12, 
24 hours.  The distributions were significantly more unimodal for the C-6000-12 surfaces after both 
1 hour and 24 hours indicating a significant degree of orientation. 
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Figure 3.25 - Radial histograms of C2C12 orientation at 1 hour and 24 hours after seeding on 
different surfaces under differentiation medium (DM-C2C12) conditions.  (a) PAHCl, 1 hour, 
(b) C-500-12, 1 hour, (c) C-6000-12, 1 hour, (d) PAHCl, 24 hours, (e) C-500-12, 24 hours, (f) C-
6000-12, 24 hours.  The distributions were significantly more unimodal for the C-6000-12 surfaces 
after both 1 hour and 24 hours indicating a significant degree of orientation. 
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Figure 3.26 – Mean absolute orientation (  ) of C2C12s on different surfaces at either 1 hour 
or 24 hours after seeding under growth medium or differentiation medium conditions.  (a) 1 
hour and 24 hours under growth medium (GM-C2C12) conditions.  (b) Growth medium (GM-
C2C12) and differentiation medium (DM-C2C12) conditions at 24 hours.  Greek labels indicate 
groups within which no significant difference was observed (Tukey’s test at α=0.05).  Error bars 
denote 95% confidence intervals.     was significantly lower for the C-6000-12 surfaces after both 1 
hour and 24 hours indicating a significant degree of orientation.  The media formulation did not 
affect the degree of orientation. 
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Figure 3.27 – Radial histograms of C2C12 orientation 24 hours after seeding on surfaces 
prepared using different CNW concentrations.  (a) PAHCl, (b) C-500-12, (c) C-6000-4, (d) C-
6000-6, (e) C-6000-8, (f) C-6000-10, (g) C-6000-12.  Higher CNW concentration gave increasingly 
unimodal distributions indicating greater orientation. 
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Figure 3.28 – The mean absolute orientation (  ) of C2C12s on PAHCl, C-500-4 and surfaces 
prepared at 6000 rpm using different concentrations of CNW suspension 24 hours after 
seeding.  Greek letters indicate groups within which no statistical difference was observed 
(Tukey’s test, α=0.05).  Error bars denote 95% confidence intervals.     decreased with increasing 
CNW concentration indicating that greater CNW adsorption leads to increased orientation of 
C2C12s. 
3.2.5 Focal Adhesions and Cytoskeleton 
C2C12s stained for f-actin and vinculin to identify focal adhesions 1 hour and 24 hours after 
seeding are shown in Figure 3.29 and high magnification images are shown in Figure 3.30.  No 
differences were observed between the different surfaces at 1 hour, except that fewer cells had 
adhered to glass than the PAHCl or CNW surfaces.  After 24 hours no significant differences 
except in cell morphology were observed between the different surfaces.  The cells on the C-6000-
12 CNW surface appeared to be oriented parallel to the local radial axis.  Focal adhesions of 
similar size distribution and quantity were observed on all of the surfaces including glass, although 
qualitatively a larger proportion of adhesions were oriented in the same direction as the average 
cell orientation and local radial axis on the high orientation cellulose surface (Figure 3.30 – high 
magnification images). 
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Figure 3.29 – Confocal fluorescence micrographs of C2C12s stained for vinculin and f-actin 
1 hour and 24 hours after seeding on different surfaces.  Nuclei (blue), f-actin (green) and 
vinculin (red).  (a) Glass, 1 hours, (b) PAHCl, 1 hour, (c) C-500-12, 1 hour, (d) C-6000-12, 1 hour, 
(e) Glass, 24 hours, (f) PAHCl, 24 hours, (g) C-500-12, 24 hours and (h) C-6000-12, 24 hours.  
Cells were much more spread after 24 hours than after 1 hour with many more mature stress fibres 
and focal adhesions.  The cells were highly oriented on the C-6000-12 surfaces after 24 hours. 
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Figure 3.30 – High magnification confocal fluorescence micrographs of C2C12s stained for 
vinculin and f-actin 24 hours after seeding on different surfaces.  (a) Glass, (b) PAHCl, (c) C-
500-12 and (d) C-6000-12.  No obvious differences were observed between the cells on the 
different surfaces. 
3.2.6 Onset of Terminal Differentiation (Myogenin Expression) 
Expression of the transcription factor myogenin as a marker for the onset of early terminal 
differentiation was investigated by immunocytochemistry (Figure 3.31).  Virtually no nuclear 
localisation of myogenin was observed after 1 day.  However, a significant fraction of cells were 
positively stained for nuclear myogenin at day 2 and even more so at day 3.  Qualitatively, no 
difference was observed between the different surface conditions at any time point.  In order to 
investigate further, quantitative image analysis was carried out. 
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Figure 3.31 – Confocal fluorescence micrographs of C2C12s stained for DNA (nuclei) and 
myogenin under differentiation conditions (DM-C2C12) 1 day, 2 days and 3 days after 
seeding on different surfaces.  (a) Glass, 1 day, (b) PAHCl, 1 day, (c) C-500-12, 1 day, (d) C-
6000-12, 1 day, (e) glass, 2 days. (f) PAHCl, 2 days, (g) C-500-12, 2 days, (h) C-6000-12, 2 days, 
(i) glass, 3 days, (j) PAHCl, 3 days, (k) C-500-12, 3 days and (l) C-6000-12, 3 days.  Nuclear 
localisation of myogenin was observed in several cells from day 2. 
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Figure 3.32 – Quantification of myogenin expression by image analysis of 
immunofluorescence images.  (a) Myogenin positive nuclei, (b) total nuclei (DAPI) and (c) 
myogenin positive fraction.  One factor ANOVA indicated no significant difference between 
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conditions at any time point.  ANOVA was not carried out to compare different time points.  Error 
bars denote 95% confidence intervals. 
Expression of myogenin on the different surfaces under differentiation conditions was quantified 
using morphological image analysis (Figure 3.32).  Cells were allowed to attach for 2 hours before 
induction of differentiation to allow adhesions to form on all surfaces including glass.  The number 
of myogenin positive nuclei was shown to increase over the course of three days (Figure 3.32a) 
and the total number of nuclei also increased between day 1 and day 2 but with no further increase 
by day 3 (Figure 3.32b).  When the myogenin positive cell fraction was calculated (Figure 3.32c) a 
clear increase in the positive fraction was observed but no significant difference was observed 
between surface conditions. 
3.2.7 Myoblast Fusion (and MHC Expression) 
Fusion and terminal differentiation of C2C12s was investigated on the CNW surfaces using 
immunocytochemistry to stain for myosin heavy chain (MHC, specific to skeletal muscle sarcomeric 
myosin).  Confocal fluorescence micrographs of MHC expression at the early time point of 2 days 
after induction of differentiation is shown in Figure 3.33.  No obvious difference was observed 
between the different surfaces with low level MHC expression occurring on all of the surfaces.  
Qualitatively however, fewer MHC positive cells were observed on the glass substrate. 
At the later time point of 4 days (Figure 3.34), significantly larger numbers of MHC positive 
myotubes were observed on all of the surfaces.  On the glass surface, however, the myotubes 
appeared qualitatively shorter and less well formed than on the PAHCl or CNW surfaces.  Long, 
well developed myotubes were observed on the PAHCl and C-500-12 surfaces, but no overall 
orientation of the myotubes was observed.  Instead the myotubes formed swirling, whorled 
patterns.  On the high orientation CNW surfaces, however, a high degree of bulk myotube 
orientation was observed in a fan-like pattern radiating out from the top left corners of each image, 
corresponding to a position near the centre of the rectangular samples.  The myotubes were 
apparently oriented parallel to the CNW orientation along the radial axes of the samples.  This 
orientation was observed on all of the high orientation CNW surfaces irrespective of CNW surface 
density. 
The expression of MHC and myoblast fusion was quantified using image analysis (Figure 3.35).  
The myogenic index was calculated as the fraction of total cells that were located within MHC 
positive myotubes on glass, PAHCl, C-500-12 and C-6000-12 surfaces at both 4 days and 7 days 
after seeding.  The myogenic index was higher on the C-500-12 and C-6000-12 CNW surfaces 
than on glass and PAHCl after 4 days.  The statistical significance was borderline, however, with 
an ANOVA p-value of 0.051 but p<0.05 according to Tukey‟s test.  After 7 days, the myogenic 
index was significantly higher on both the CNW surfaces relative to glass and PAHCl, indicating 
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that the CNW surfaces promote terminal differentiation and fusion of myoblasts to form myotubes.  
At 7 days the calculated ANOVA p-value was ~0.01. 
   
Figure 3.33 – Confocal fluorescence micrographs of C2C12s stained for MHC 2 days after 
seeding on glass, PAHCl, C-500-4 and surfaces prepared at 6000 rpm with a range of CNW 
concentrations.  (a) Glass, (b) PAHCl, (c) C-500-4, (d) C-6000-4, (e) C-6000-6, (f) C-6000-8, (g) 
C-6000-10, (h) C-6000-12.  The arrow indicates the approximate radial axis.  Qualitatively fewer 
myotubes were observed on the glass surfaces than on the PAHCl and CNW surfaces. 
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Figure 3.34 – Large scale tile scan confocal fluorescence micrographs of C2C12s stained for 
MHC 4 days after seeding on glass, PAHCl, C-500-4 and surfaces prepared at 6000 rpm with 
a range of CNW concentrations.  (a) Glass, (b) PAHCl, (c) C-500-4, (d) C-6000-4, (e) C-6000-6, 
(f) C-6000-8, (g) C-6000-10, (h) C-6000-12.  The top left corner of each image is approximately at 
the centre of the rectangular sample.  Qualitatively fewer myotubes were observed on the glass 
surfaces than on the PAHCl and CNW surfaces.  The myotubes were highly oriented in a fan-like 
arrangement on all of the surfaces prepared at 6000 rpm. 
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Figure 3.35 – Myogenic index corresponding to the fraction of total C2C12 nuclei that lay 
within MHC positive myotubes on different surfaces 4 days and 7 days after seeding.  
ANOVA was carried out between conditions for each time point.  A significant difference was 
observed between conditions at both time points (p<0.01 for both time points).  Greek letters 
indicate groups within which no significant difference was observed (Tukey’s test at α=0.05).  Error 
bars denote 95% confidence intervals.  The myogenic index was significantly higher on the CNW 
surfaces compared to glass and PAHCl indicating that the CNW surfaces promote terminal 
differentiation of myoblasts. 
3.2.8 Expression of Fibronectin 
As an example of the deposition of ECM components, secreted mouse fibronectin was stained 
using immunocytochemistry (Figure 3.36, Figure 3.37 and Figure 3.38). At the early time point of 1 
day (Figure 3.36), a significant quantity of fibronectin had already been deposited although 
qualitatively, no differences were observed between the different surfaces.  After 4 days (Figure 
3.37), the fibronectin staining was qualitatively brighter indicating further deposition.  By this time 
point a significant degree of MHC expression and myotube fusion was also observed.  The 
fibronectin had also been remodelled into a fibrillar matrix by the cells.  On the glass, PAHCl and 
C-500-12 CNW surface, the fibronectin fibrils were arranged with no particular degree of order.  On 
the C-6000-12 CNW surface, however, the fibrils lay parallel to the local radial axis and the 
average orientation of the fused myotubes. This is particularly clear in the higher magnification 
zoom images (Figure 3.38). 
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Figure 3.36 – Confocal fluorescence micrographs of C2C12s stained for fibronectin and 
MHC on different surfaces 1 day after seeding.  (a) Glass, (b) PAHCl, (c) C-500-12, (d) C-6000-
12, (e) glass, zoom, (f) PAHCl, zoom, (g) C-500-12, zoom, (h) C-6000-12, zoom.  The arrow 
indicates the approximate radial axis.  Significant fibronectin expression was observed on all 
surfaces. 
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Figure 3.37 – Confocal fluorescence micrographs of C2C12s stained for fibronectin and 
MHC on different surfaces 4 days after seeding.  (a) Glass, (b) PAHCl, (c) C-500-12, (d) C-
6000-12, (e) glass, zoom, (f) PAHCl, zoom, (g) C-500-12, zoom, (h) C-6000-12, zoom.  The arrow 
indicates the approximate radial axis.  Significant fibronectin expression was observed on all 
surfaces.  A significant degree of myotube orientation was observed on the C-6000-12 surfaces. 
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Figure 3.38 – High magnification zoom confocal fluorescence micrographs of C2C12s 
stained for fibronectin and MHC on different surfaces 4 days after seeding.  (a) C-500-12, (b) 
C-6000-12.  The arrow indicates the approximate radial axis.  The fibronectin had been organised 
into fibrillar structures which were oriented parallel to the radial axis on the C-6000-12 surfaces. 
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3.3 Myogenic Differentiation of Mesenchymal Stem Cells on CNW Surfaces 
Having demonstrated that CNWs are a useful tool for tissue engineering skeletal muscle using the 
predetermined C2C12 myoblast cell line (Sections 3.1 and 3.2), human mesenchymal stem cells 
(hMSCs) were utilized to demonstrate that primary stem cells may be applied to tissue engineering 
skeletal muscle.  The CNW surfaces were found to direct the morphology of the hMSCs in much 
the same way as for C2C12s but attempts to induce myogenic differentiation by a steroid based 
induction medium were unsuccessful.  Some fusion of hMSCs into MHC positive myotubes was 
observed in co-culture experiments with C2C12s but such fusion events were infrequent under the 
myoblast culture conditions.  The potential for directing the morphological aspects of myogenic 
differentiation of adult stem cells was demonstrated but further work is required to optimise 
myogenic conditions for hMSCs. 
3.3.1 Focal Adhesions and Cytoskeleton 
Figure 3.39 and Figure 3.40 show hMSCs 24 hours after seeding on Glass, PAHCl and both C-
500-12 and C-6000-12 CNW surfaces.  Few (if any) stress fibres were observed on any of the 
surfaces, although distinct punctate focal adhesions had formed.  The most striking differences 
observed between the different surfaces at lower magnification (Figure 3.40) were in the 
morphology of the cells.  On both the glass and PAHCl control surfaces, the cells had formed 
polygonal morphologies with a moderate degree of spreading.  On both of the CNW surfaces, 
however, a more spindle like and elongated morphology was observed with a greater number of 
longer spindle-like processes. 
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Figure 3.39 – Confocal fluorescence micrographs of hMSCs stained for f-actin and vinculin 
1 day after seeding on different surfaces.  Nuclei (blue), f-actin (green) and vinculin (red).  (a) 
Glass, (b) PAHCl, (c) C-500-12 and (d) C-6000-12.  The cells formed more spindle-like 
morphologies on the C-6000-12 surfaces compared to the glass, PAHCl and C-500-12 surfaces. 
The high magnification images of vinculin staining only (Figure 3.40) revealed little in the way of 
differences between the different surfaces.  If differences in the number or size of the focal 
adhesions existed, a large scale statistical image analysis method would be needed to determine 
this. 
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Figure 3.40 – High magnification confocal fluorescence micrographs of hMSCs stained for 
vinculin 1 day after seeding on different surfaces.  (a-c) Glass, (d-f) PAHCl, (g-i) C-500-12 and 
(j-l) C-6000-12.  No obvious differences in the size and shape of focal adhesions were observed 
between the different surfaces. 
3.3.2 Orientation of hMSCs 
The hMSCs were found to exhibit contact guidance on the CNW surfaces, as shown in Figure 3.41.  
The glass, PAHCl and C-500-12 surfaces did not induce any bulk orientation in the cells but the C-
6000-12 surfaces induced many of the hMSCs to adopt oriented morphologies parallel to the local 
radial axis of the sample, in line with the bulk CNW orientation.  This was further exemplified by 
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carrying out morphological image analysis on the microscopy images of the hMSCs.  Radial 
histograms displaying the distribution of cell orientations are shown in Figure 3.42.  The orientation 
distribution on the C-6000-12 surfaces was significantly narrower and more unimodal than on the 
other surfaces on which the distribution was more uniform.  The single statistic of the mean 
absolute orientation (  ) was used to indicate the degree of orientation relative to the local radial 
axis (Figure 3.43).  The mean absolute orientation was substantially lower for the high orientation 
CNW surfaces relative to the glass, PAHCl and low orientation C-500-12 CNW surfaces, indicating 
a greater degree of bulk orientation.  This difference was statistically significant at p<0.001. 
   
Figure 3.41 – Confocal fluorescence micrographs of hMSCs stained with CFSE 1 day after 
seeding on different surfaces.  (a) Glass, (b) PAHCl, (C) C-500-12, (d) C-6000-12.  The arrow 
indicates the approximate radial axis.  The cells were highly oriented parallel to the radial axis on 
the C-6000-12 surfaces. 
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Figure 3.42 – Radial histograms of hMSC orientations 1 day after seeding on different 
surfaces.  (a) Glass, (b) PAHCl, (c) C-500-12, (d) C-6000-12.  The distribution was more unimodal 
for the C-6000-12 surfaces indicating a significant degree of cell orientation. 
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Figure 3.43 – Mean absolute orientation (  ) of hMSCs 1 day after seeding on different 
surfaces.  One factor ANOVA identified a significant difference between conditions with p<0.001.  
Greek labels indicate groups within which no significant difference was observed (Tukey’s test at 
α=0.05).     was significantly lower on the C-6000-12 surfaces indicating a higher degree of cell 
orientation. 
3.3.3 Myogenic Induction by Synthetic Steroids 
The degree of early myogenic differentiation was investigated using immunocytochemistry to stain 
for MyoD and MHC (Figure 3.44 and Figure 3.45 respectively) under both standard growth medium 
conditions (GM-MSC) and steroid based myogenic induction conditions (MIM-MSC).  Some 
cytoplasmic staining for MyoD was observed after exposure to the steroid induction medium 
(Figure 3.44) but no nuclear localization was observed for any of the surface conditions.  An 
example of nuclear expression of MyoD in normal C2C12s is shown as a positive control for the 
anti-MyoD antibody (Figure 3.44a). 
Terminal myogenic differentiation was assessed using immunocytochemistry to stain for MHC in 
hMSCs grown for 7 days in steroid based induction medium (Figure 3.45).  As for MyoD there was 
some background staining for MHC observed, although this took the form of speckled or patchy 
staining which was uniformly apparent over the entire cell population.  No bright well defined 
staining was observed for any cells in the experiment and no cell fusion was observed. 
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Figure 3.44 – Confocal fluorescence micrographs of hMSCs stained for DNA and MyoD after 
7 days of culture in either growth medium (GM-MSC) or steroid based differentiation 
medium (MIM-MSC) on different surfaces.  (a) C2C12 positive control, GM-C2C12 1 day (b) 
glass, GM-MSC (c) PAHCl, GM-MSC, (D) C-500-12, GM-MSC, (e) C-6000-12, GM-MSC, (f) glass, 
MIM-MSC, (g) PAHCl, MIM-MSC, (h) C-500-12, MIM-MSC, (i) C-6000-12, MIM-MSC).  No nuclear 
localisation of MyoD was observed for any experimental condition other than the positive control. 
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Figure 3.45 – Confocal fluorescence micrographs of hMSCs stained for MHC after 7 days of 
culture in steroid based induction medium (MIM-MSC) on different surfaces.  (a) Glass, (b) 
PAHCl, (c) C-500-12, (d) C-6000-12.  No positive expression of MHC was observed for any of the 
experimental conditions indicating that no terminal differentiation had occurred. 
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3.3.4 Co-culture of Human Mesenchymal Stem Cells with Murine C2C12 
Myoblasts 
Figure 3.46 shows representative images of co-cultures of mouse C2C12s and hMSCs.  All nuclei 
were stained blue with DAPI, human only nuclei were stained red for human only lamin A (nuclear 
envelope) and MHC (both human and mouse) was stained green.  Although there was some 
mixing of the cultures, the hMSCs (which were fewer in number due to slower proliferation) tended 
to cluster together.  Across the majority of the samples, no apparent inclusion of human nuclei in 
MHC expressing myotubes was observed. 
Figure 3.47 shows an example of one of three occurrences of human cell fusion observed in the 
experiment (triplicate wells of a 12-well plate for each condition).  The incorporation of four lamin A 
positive (and therefore certainly human) nuclei in an MHC positive myotube is clearly evident.  The 
image is displayed as separate channels in addition to the overlay so that the reduction of MHC 
staining at the nuclear location may be observed.  This confirms that the human nuclei are indeed 
located within the myotube and not above or below the plane of the myotube.  The displayed 
example was on a PAHCl surface although isolated examples were also observed on the C-500-12 
surface.  The fusion events were too infrequent, however, to draw any conclusions about the effect 
of the different surfaces, other than on bulk morphology and orientation of the myotubes. 
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Figure 3.46 – Representative confocal fluorescence micrographs of cocultures of C2C12s 
and hMSCs stained for DNA, Lamin A and MHC after 4 or 7 days of culture in differentiation 
medium (DM-C2C12).  (a) C2C12 monoculture, (b) hMSC monoculture, (c) glass, 4 days, (d) 
PAHCl, 4 days, (e) C-500-12, 4 days, (f) C-6000-12, 4 days, (g) glass, 7 days, (h) PAHCl, 7 days, 
(i) C-500-12, 7 days and (j) C-6000-12, 7 days.  For most fields of view all of the myonuclei were of 
mouse origin and no human cells had undergone fusion. 
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Figure 3.47 – Confocal fluorescence micrographs of a coculture of C2C12s and hMSCs 
stained for DNA, lamin A and MHC after 7 days of culture in myoblast differentiation medium 
(DM-C2C12).  An example of fusion of hMSCs into an MHC positive myotube is shown.  (a) Blue 
channel (DNA), (b) red channel (lamin A), (c) green channel (MHC), (d) overlay. 
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3.4 Cytotoxicity and Immunogenicity of CNW Suspensions 
Having demonstrated that adsorbed surfaces of CNWs are a useful tool for tissue engineering two-
dimensional tissue-like monolayers, the natural direction for future work is to extend the application 
of CNWs into three-dimensional scaffolds.  However, it is firstly necessary to investigate the 
potential cytotoxicity and immunogenicity of free CNWs as very little on this subject has been 
reported in the literature.  CNW suspensions with a range of concentrations were added to cultures 
of C2C12s and the J774A.1 murine macrophage cell line.  The CNW suspensions were found to be 
only slightly cytotoxic to C2C12s but induced clear dose-dependent cytotoxicity in J774A.1s.  This 
was accompanied by morphological changes that indicated that the J774A.1s were becoming 
activated in response to the CNWs, which was partially supported by a dichlorofluorescein 
activation assay.  It is likely, therefore, that the suitability of CNWs for tissue engineering and other 
biomedical applications will depend upon the target cell/tissue type as well as the physical context 
in which the CNWs are applied. 
3.4.1 Cell Morphology After CNW Exposure 
Figure 3.48 shows phase contrast micrographs of CNW suspension in water (stable suspension) 
as a positive control, 2M NaCl solution (unstable suspension) as a negative control and growth 
medium (experimental condition).  Some dark coloured particulate matter is visible in the 
suspension in water (Figure 3.48a) although the particles do not resemble flocculates.  In contrast 
the suspension in 2M NaCl (Figure 3.48b) is visibly very unstable with a large flocculate apparent 
across the field of view.  The suspension in growth medium (Figure 3.48c) appears to be an 
intermediate case.  The texture of the image may suggest that the suspension has flocculated but 
the flocculates do not resemble the tight structure in the negative control suggesting that partial 
flocculation may have occurred in the growth medium. 
James Dugan PhD 2011 
  124 
   
Figure 3.48 – Phase contrast micrographs of CNW suspensions in different media.  (a) 1000 
μg/ml CNWs in dH2O (stable dispersion control), (b) 1000 μg/ml CNWs in 2M NaCl solution 
(unstable dispersion control) and (c) 1000 μg/ml CNWs in growth medium (GM-C2C12).  Large 
aggregates of flocculated CNWs were observed in the suspension containing 2M NaCl and less 
dense aggregates were observed in the suspension prepared using cell growth medium. 
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Figure 3.49 and Figure 3.50 show phase contrast micrographs of C2C12s 24 hours after onset of 
exposure to CNW suspensions of various concentrations.  The micrographs were taken before the 
CNW suspension was removed from the culture wells.  From the lower magnification images 
(Figure 3.49), no discernible differences in the cell density or morphology were observed, with a 
large number of well spread cells in each field of view.  At higher magnification (Figure 3.50) the 
cell nuclei can be observed for most cells and no evidence of apoptosis can be identified. 
   
Figure 3.49 – Low magnification phase contrast micrographs of C2C12s after 24 hours 
exposure to a range of CNW concentrations.  (a) Growth medium only control, (b) 0 μg/ml, (c) 
15.6 μg/ml, (d) 31.3 μg/ml, (e) 62.5 μg/ml, (f) 125 μg/ml, (g) 250 μg/ml, (h) 500 μg/ml, (i) 1000 
μg/ml.  No discernible differences in cell morphology or cell number were observed between the 
different conditions. 
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Figure 3.50 - High magnification phase contrast micrographs of C2C12s after 24 hours 
exposure to a range of CNW concentrations.  (a) Growth medium only control, (b) 0 μg/ml, (c) 
15.6 μg/ml, (d) 31.3 μg/ml, (e) 62.5 μg/ml, (f) 125 μg/ml, (g) 250 μg/ml, (h) 500 μg/ml, (i) 1000 
μg/ml.  No discernible differences in cell morphology, nuclear morphology or cell number were 
observed between the different conditions. 
In contrast, the light micrographs of J774A.1 macrophages 24 hours after exposure to CNW 
suspensions (Figure 3.51 and Figure 3.52) show differences both in the morphology of the cells 
and also the spatial arrangement of cells within the culture wells.  When the J774A.1s were 
exposed to LPS and in both the growth medium and dH2O controls, the cells were uniformly 
distributed over the culture surfaces.  After exposure to CNW concentrations as low as 15.6μl/ml, 
however, the cells were observed to form large aggregates or clusters of cells.  This clustering 
effect became lass apparent, however, with increasing concentration of CNWs.  At the highest 
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concentrations of CNWs, qualitatively fewer attached cells were observed than at lower 
concentrations and under the control conditions. 
At higher magnification (Figure 3.52), the morphology of the J774A.1s could be observed clearly.  
Under the growth medium and H2O only controls, the cells were observed to have a largely 
rounded morphology with the extension of some small processes.  A small number of round sub-
cellular structures, presumably vacuoles, could be observed under these conditions, possibly 
indicating a background level of pinocytosis.  After exposure to LPS as a positive control for 
activation, the J774A.1s had adopted a larger, more spread morphology, and a greater number of 
vacuoles of varying size could be identified in each cell.  After exposure to CNW suspensions at a 
low concentration (15.6 μl/ml) the clustering of the cells was observed at higher magnification but 
no distinct morphological changes were observed in the cells that were not obscured by the 
clusters.  At higher CNW concentrations, however, a significant proportion of the cells had adopted 
a grossly enlarged morphology with the extension of very large processes, possibly indicating 
frustrated phagocytosis.  At the very highest CNW concentration (1000 μg/ml), some of the more 
rounded cells also appeared to extend a number of extremely long and fine processes, although 
these were difficult to resolve by phase contrast microscopy. 
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Figure 3.51 - Low magnification phase contrast micrographs of J774A.1s after 24 hours 
exposure to a range of CNW concentrations.  (a) LPS, (b) Growth medium only control, (c) 0 
μg/ml, (d) 15.6 μg/ml, (e) 31.3 μg/ml, (f) 62.5 μg/ml, (g) 125 μg/ml, (h) 250 μg/ml, (i) 500 μg/ml, (j) 
1000 μg/ml.  At low CNW concentrations the cells formed aggregates and at high CNW 
concentrations grossly spread cell morphologies were observed. 
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Figure 3.52 - High magnification phase contrast micrographs of J774A.1s after 24 hours 
exposure to a range of CNW concentrations.  (a) LPS, (b) Growth medium only control, (c) 0 
μg/ml, (d) 15.6 μg/ml, (e) 31.3 μg/ml, (f) 62.5 μg/ml, (g) 125 μg/ml, (h) 250 μg/ml, (i) 500 μg/ml, (j) 
1000 μg/ml.  At low CNW concentrations the cells formed aggregates and at high CNW 
concentrations grossly spread cell morphologies were observed. 
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3.4.2 Live/Dead Assay 
A live/dead fluorescence microscopy assay was carried out for both the C2C12s and J774A.1s 
after exposure to the CNW suspensions.  The C2C12s (Figure 3.53) were almost entirely viable 
with the same uniformity of morphology observed in the phase contrast micrographs.  A very small 
number of non-viable (red fluorescent) cells were identified by the assay but these only formed an 
extremely small fraction of the total cell population.  Similarly, the J774A.1s (Figure 3.54) were 
almost entirely viable according to this assay, although marginally more non-viable cells were 
observed than for the C2C12s. 
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Figure 3.53 – Live/Dead assay of J774A.1s after 24 hours exposure to different CNW 
concentrations.  Live cells are labelled with calcein AM (green) and dead cells are labelled with 
ethidium homodimer (red).  (a) Growth medium control, (b) 0 μg/ml, (c) 15 μg/ml, (d) 1000 μg/ml, 
(e) growth medium, zoom, (f) 0 μg/ml, zoom, (g) 15 μg/ml, zoom and (h) 1000 μg/ml, zoom.  Very 
few dead cells were observed. 
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Figure 3.54 – Live/Dead assay of J774A.1s after 24 hours exposure to different CNW 
concentrations.  Live cells were labelled with calcein AM (green) and dead cells are labelled with 
ethidium homodimer (red).  (a) Growth medium control, (b) 0 μg/ml, (c) 15 μg/ml, (d) 1000 μg/ml, 
(e) growth medium, zoom, (f) 0 μg/ml, zoom, (g) 15 μg/ml, zoom and (h) 1000 μg/ml, zoom.  Fewer 
live cells were observed after exposure to the highest concentration of CNWs. 
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3.4.3 Cytotoxicity by MTT Assay 
The MTT assay was carried out in order to quantify the viability of both the C2C12s and J774A.1s 
after exposure to CNWs (and LPS in the case of the J774A.1s).  Data were normalized to the 
growth medium positive control.  For the C2C12s (Figure 3.55a) the viability was reduced by a 
small (but statistically significant at p<0.001) degree by addition of water (0 μl/ml CNWs).  Addition 
of the lowest concentration of 15 μl/ml of CNWs to the C2C12 cultures resulted in a further 
statistically significant reduction of viability to approximately 70% of the positive control.  However, 
addition of further increasing concentrations of CNWs did not result in any further significant 
reduction in viability. 
Conversely, J774A.1s did exhibit a dose-dependent reduction in viability upon addition of CNW 
suspensions (Figure 3.55b).  The growth medium and water (0 μl/ml CNWs) controls gave 
viabilities that were not statistically different from one another.  However, addition of the lowest 
concentration of 15 μl/ml of CNWs did result in a statistically significant reduction in viability to 
approximately 75% of the positive control.  Further increases in CNW concentration resulted in 
reduction of viability down to a minimum of approximately 30% for the highest concentration of 
1000 μl/ml of CNWs.  The viabilities measured for both 500 μl/ml and 1000 μl/ml of CNWs were 
significantly lower than all the other conditions. 
3.4.4 Peroxide Assay for Macrophage Activation 
Activation of the J774A.1 cell line was determined using the DCF assay for peroxide (Figure 3.56).  
Data were normalized to the LPS positive control.  Addition of LPS to the J774A.1 cultures resulted 
in increased activation to a statistically significant degree.  However, addition of CNWs did not give 
a statistically significant increase relative to the growth medium and water (0 μl/ml CNWs) negative 
controls (Figure 3.56a).  In fact, conversely, a small qualitative decrease in activation was observed 
upon exposure to CNWs although this apparent effect was not statistically significant.  However, 
this trend was reversed when the peroxide assay data were normalised by viability (MTT data) 
(Figure 3.56b).  Addition of LPS again resulted in a statistically significant (at least p<0.05) increase 
in activation relative to the negative controls, but addition of CNWs led to a dose dependent 
increase in activation normalised to viability.  In fact at the two highest CNW concentrations (500 
μg/ml and 1000 μg/ml) the activation was significantly higher than the LPS positive control (p<0.05) 
when normalised to viability. 
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Figure 3.55 – MTT viability assay for C2C12s and J774A.1s 24 hours after exposure to a 
range of CNW concentrations.  (a) C2C12s, (b) J774A.1s.  ANOVA indicated a significant 
difference between conditions for both cell types (p<0.001 for both cell types).  Greek letters 
indicate groups within which no significant difference was observed (Tukey’s test at α=0.05).  The 
CNWs reduced the viability of C2C12s although the apparent toxicity was not dose-dependent.  
Conversely a clear dose dependent cytotoxic effect was observed for the J774A.1s. 
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Figure 3.56 – Macrophage activation (peroxide) assay 24 hours after exposure to different 
concentrations of CNWs.  LPS was used as a positive control.  (a) Activation, (b) activation 
normalised to viability (MTT).  ANOVA indicated a significant difference between conditions 
(p<0.001) in both experiments.  Greek labels indicate groups within which no significant difference 
was observed (Tukey’s test at α=0.05).  Apparently the CNWs did not induce bulk activation of the 
J774A.1s.  However when normalised to viability the CNWs induced clear dose-dependant 
activation. 
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4 Discussion 
Surfaces were prepared initially from CNWs supplied by Dr Laurent Heux (CERMAV, Grenoble, 
France) which were prepared from CNWs isolated from the tunicate Halocynthia roretzi.  The 
preparation and characterization of these CNWs is described in Elazzouzi-Haffraoui (2008).  As 
initially only a small quantity of CNWs were provided, it was necessary to produce CNWs in house 
and to source a supply of tunicate raw material.  A seafood producer on the west coast of Scotland 
was approached in order to supply the tunicates.  The species Halocynthia roretzi was not 
available so the most plentiful tunicate available to the supplier, Ascidiella sp., was therefore 
selected as the raw material for the preparation of CNWs.  As no report of CNWs prepared from 
this species has been published before, it was necessary to thoroughly characterize the CNWs.  
The high aspect ratio and whisker-like morphology of the CNWs was observed by TEM and was 
comparable to CNWs prepared from other tunicates (Elazzouzi-Hafraoui et al., 2008).  The mean 
width of the CNWs was determined by image analysis as 6.6 nm.  This is significantly smaller than 
width values reported in the literature for CNWs prepared from tunicin.  Angles and Dufresne 
(2000) reported widths of 10-20 nm and Elazzouzi-Haffraoui (2008) reported widths of 20nm.  It is 
likely that this difference arose from variation in the nature of the cellulose fibrils as synthesised by 
the particular tunicate species.  It has been reported previously that the source species is arguably 
more important than the reaction conditions for determination of CNW dimensions (Elazzouzi-
Hafraoui et al., 2008).  The production of particularly thin, high aspect ratio CNWs could be of 
particular interest for use in high performance composite materials, as the particularly high surface 
area of the CNWs could contribute positively to the interfacial properties of composites prepared 
using the Ascidiella sp. CNWs (Eichhorn et al., 2010). 
As the CNWs were prepared directly from the source organism, it was essential to confirm that the 
extracted substance was indeed cellulose.  FTIR was used to spectroscopically compare the 
chemical structure of the extracted tunicin and CNWs with cotton powder which was used as a 
positive control for pure cellulose.  The FTIR spectra for all three samples were virtually identical, 
confirming that the composition of the CNWs was pure cellulose.  Although tunicates are animals 
they are distinctive for producing cellulose which is usually found in plants and some algae (Kimura 
and Itoh, 2007).  We have confirmed for the first time that Ascidiella sp. tunicates also produce 
fibrillar cellulose and that once purified this cellulose is virtually identical chemically to pure 
cellulose from plants.  Ascidiella sp. therefore provides a source of highly crystalline cellulose that 
is readily available in the United Kingdom. 
Since the earliest reports of CNWs in the literature (Ranby, 1949), CNWs were noted for their 
colloidal stability which is imparted by their negative surface charge due to the formation of sulfate 
ester groups at the CNW surfaces (Revol et al., 1992).  As the electrostatic stabilization and 
polyelectrolyte properties of the CNWs could be utilized in order to prepare adsorbed films of 
CNWs (Cranston and Gray, 2008), it was necessary to confirm the surface negative charge of the 
CNWs prepared in house.  Conductimetric titration was carried out in order to characterize the 
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surface charge.  From the shape of the titration curve it is possible to conclude that the CNWs are 
indeed acidic and therefore negatively charged at physiological pH.  The conductivity initially 
decreases upon addition of sodium hydroxide solution as the added sodium hydroxide neutralizes 
the sulfate ester groups.  Until complete neutralization has occurred the addition of sodium 
hydroxide solution does not increase the number of free electrolytes but does contribute an 
addition of water so the conductivity decreases.  After complete neutralization has occurred, 
however, the conductivity increases with added sodium hydroxide as the unreacted additional 
sodium ions contribute to the ionic strength and conductivity of the solution.  Due to the low titre 
volume and the equipment used for the titration, it was not possible to reproducibly quantify the 
surface charge density.  The measurement of zeta potential could be a suitable alternative 
technique which could directly indicate the degree of electrostatic stabilization. 
Surfaces of CNWs were prepared via a modified version of the spin coating method described by 
Cranston and Gray (2006 and 2008).  In the original method, layer-by-layer composite films were 
built by alternating adsorption of PAHCl and negatively charged CNWs.  The radial shear flow of 
the spin coater imposed a significant degree of radial orientation on the growing films which 
increased significantly with increasing numbers of double layers.  Their method was modified by 
reducing the CNW concentration and dropping the suspension onto the already spinning substrate 
as opposed to acceleration after deposition as described in the original method.  This allowed the 
production of homogeneously adsorbed submonolayers in which a large proportion of the glass 
substrate remained exposed beneath the adsorbed CNWs.  Such submonolayer films have an 
explicit background plane which may be defined very simply for image analysis by thresholding the 
topography data.  The need for a positively charged layer of PAHCl between the glass and the 
negatively charged CNWs was also demonstrated.  Other researchers have published data on 
CNW submonolayer surfaces prepared on glass or silicon without the use of a PAHCl layer 
(Kontturi et al., 2007).  It seems likely that the surfaces reported in such studies are not 
homogeneous, however, so would not be suitable for cell culture studies. 
The degree of CNW adsorption and orientation was modulated by altering the CNW concentration 
and spin coating speed respectively.  The degree of adsorption (or deposition) was shown to be 
dependent on CNW concentration by Kontturi et al. (2007) which was confirmed in this study, 
indicating that adsorption is effectively a kinetic process.  Furthermore, the degree of adsorption 
was shown to be the same at different spin speeds.  The spin speed itself had a drastic effect on 
CNW orientation.  By increasing the speed to the maximum setting of 6000 rpm, a significant 
degree of orientation was observed, which was not reported for a single monolayer (or 
submonolayer) in previously published work (Cranston and Gray, 2006; Cranston and Gray, 2008).  
It is likely that the films produced by this method had such a high degree of orientation because the 
CNW suspension was dropped onto the spinning glass so that the suspension underwent 
significant shear flow instantaneously with the onset of adsorption. 
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By morphological image analysis of AFM images the height distribution of the CNW surfaces was 
determined.  The mean height was found to be 17.6 nm (mode = 15 nm) for the Halocynthia roretzi 
CNWs and 5.5 nm (mode = ~6nm) for the Ascidiella sp CNWs.  In the latter case the mean height 
value was almost the same as the measured CNW width from image analysis of the TEM images.  
Unlike the TEM data, however, the height distributions did not appear symmetrical and were 
skewed towards higher values.  This was most likely due overlapping of the whiskers on the 
surfaces.  The modal height values are likely to correspond to the CNW widths, however, and for 
the Ascidiella sp. CNWs agrees reasonably well with the TEM measurements. 
The CNW surfaces were shown to support the adhesion and proliferation of C2C12 myoblasts.  
Cell morphology on the CNW surfaces was imaged by CFSE staining.  The CNW surfaces, as well 
as the PAHCl and glass controls, supported cell adhesion and spreading.  Cell proliferation was 
determined using the Alamar Blue assay.  The rate of proliferation was higher on both the CNW 
surfaces as well as the PAHCl surfaces compared to glass.  The proliferation was slightly 
(statistically significantly) lower on the high orientation C-6000-12 CNW surfaces compared to the 
low orientation C-500-12 and PAHCl surfaces.  Although no study on the adhesion of cells on CNW 
surfaces has been published before, there are several studies that support these findings.  Seo et 
al. (2009) showed that PAHCl coated LbL films promote the adhesion of normal human cells and 
Yokota et al. (2008) demonstrated that model films of the cellulose-I polymorph support the 
adhesion and proliferation of mammalian cells (Seo et al., 2009; Yokota et al., 2008).  Although 
glass is commonly used as a control surface in cell culture studies, it is known to be less than 
optimal as a tissue culture substrate (Freshney, 2010).  It is less clear, however, why proliferation 
was downregulated on the high orientation C-6000-12 surfaces compared to the C-500-12 
surfaces.  Riboldi et al. (2008) and Choi et al. (2008) both showed that myoblasts proliferate at 
around the same rate on oriented and random microscale fibrous topography (Choi et al., 2008; 
Riboldi et al., 2008).   However Wang et al. (2010) showed that ridged/grooved topography of 
submicron scale resulted in downregulated proliferation compared to flat control surfaces prepared 
from the same material (Wang et al., 2010).  This effect was correlated with degree of cellular 
spreading which was not measured in this project.  It seems possible that the oriented nanoscale 
topography affects the proliferation of the cells in a similar way to submicron scale oriented 
architecture. 
Surfaces prepared from both Halocynthia roretzi CNWs and from Ascidiella sp. CNWs induced 
contact guidance in C2C12s which was evident from the CFSE staining in which the oriented 
morphology of the cells was observed on the high orientation CNW surfaces but not on the low 
orientation CNW, PAHCl or glass surfaces.  This was also observed in the orientation histograms 
and calculated mean absolute orientation values.  In the literature, the smallest feature size ever 
shown to induce contact guidance was 35 nm in height (Loesberg et al., 2007).  The CNW heights 
were significantly lower than this threshold value, particularly for the surfaces prepared from the 
Ascidiella sp. CNWs which had a mean height of only 5.5 nm and virtually no pixel height 
measurements above approximately 15 nm.  The substrates used in studies such as Loesberg and 
James Dugan PhD 2011 
  139 
co-workers, however, are model surfaces fabricated in a chemically homogeneous material with 
strictly defined topographical features.  In contrast the CNW surfaces are chemically, 
electrostatically and possibly mechanically heterogeneous.  Therefore, in this case, the material 
properties responsible for inducing contact guidance in the cells are somewhat unclear.  In 
addition, no demonstration of myoblasts cultured on truly nanoscale topography has ever been 
published so it may be the case that myoblasts are particularly sensitive to contact guidance.  
Indeed, Biela et al. (2009) showed that the minimum feature size capable of inducing contact 
guidance varied between different cell types (Biela et al., 2009). 
The degree of C2C12 orientation on the high orientation CNW surfaces was found to increase with 
increasing CNW adsorption density.  It may be possible that the cells interact specifically with the 
CNWs due to the different chemistry of the CNWs relative to the background plane (PAHCl) or the 
adsorption of biomolecules preferentially onto the CNWs (or vice versa).  If such an interaction 
were to occur via integrin-mediated cell adhesion, a greater number of adhesions might be 
expected to be observed on the CNW surfaces compared to the PAHCl control.  However this was 
not observed for the Ascidiella sp. CNW surfaces when focal adhesions were labelled by staining 
for vinculin.  Alternatively, the C2C12 orientation may simply arise from contact guidance due to 
the CNW surface topography.  Ohara and Buck (1979) and den Braber et al. (1998) have 
suggested that the edges of topographical features may disrupt the formation of focal adhesions 
which on oriented topography would effectively limit the possible orientations that focal adhesions 
could adopt, thereby dictating cell morphology (den Braber et al., 1998; Ohara and Buck, 1979).  In 
the case of the oriented CNW surfaces, the edges of the CNWs are significantly lower than the 
features described in Ohara and Buck (1979) and den Braber et al. (1998) and lower even than the 
minimum 35 nm threshold height described in Loesberg et al. (2007).  However due to the difficulty 
of fabricating topography with lateral dimensions of only a few nanometres, no contact guidance 
studies have been published in which features as narrow and low as CNWs have been 
investigated.  It may be that the particular combination of dimensions of the CNWs is sufficient to 
disrupt focal adhesion formation.  In which case, focal adhesions could only form in the regions 
between the adsorbed CNWs.  By increasing the CNW adsorption density on oriented CNW 
surfaces, the width of the regions between the CNWs would effectively decrease, restricting the 
number of possible orientations that a focal adhesion could adopt, assuming that the focal 
adhesions are longer than the average distance laterally between CNWs and that the CNWs do 
indeed disrupt focal adhesion formation (see Figure 4.1 for an illustrative schematic).  This is 
simply a hypothetical explanation for the observed phenomenon however.  In order to investigate 
further, some means of imaging the focal adhesions and the CNWs simultaneously would be 
required such as the AFM technique described by Franz and Muller (Franz and Muller, 2005). 
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Figure 4.1 – Schematic to show the decrease in width of the areas between adsorbed CNWs 
with increased CNW adsorption density.  Three regions of equal length are marked in red on a 
low density surface (a) and a high density surface (b).  The possible widths of the regions are 
significantly narrower for the high density surface.  The narrower widths of the regions between the 
CNWs would effectively restrict the range of orientations that focal adhesions could adopt, 
assuming that the focal adhesions may only be of a limited range of lengths and that CNWs 
hypothetically disrupt the formation of focal adhesions. 
It must be noted that although qualitatively no modulation of the number or size of focal adhesions 
was observed on the CNW surfaces prepared from Ascidiella sp., some modulation was observed 
on the CNW surfaces prepared from Halocynthia roretzi.  Although several large, mature focal 
adhesions were observed on the glass, PAHCl and CNW surfaces, many more small dot-shaped 
adhesions were observed on both the C-500-20 and C-6000-20 CNW surfaces which were not 
observed on glass or PAHCl.  It is likely that the effect of the larger CNWs from Halocynthia roretzi 
on the formation of focal adhesions is different to the much narrower CNWs from Ascidiella sp. 
which have a lower height distribution when deposited on the PAHCl surfaces.  The modal height 
of the Halocynthia roretzi CNW surfaces, and also most likely the average CNW width on the 
surfaces, was ~15 nm.  The height distribution of features on the Halocynthia roretzi CNW surfaces 
was also significantly broader, with a standard deviation of 10.9 nm versus only 3 nm for the 
Ascidiella sp. surfaces.  Studies such as Sjostrom et al. (2009) have shown that topographical 
features of around 15 nm in height promote the formation of mature focal adhesions but that 
features of 55 nm height result in fewer, smaller adhesions (Sjostrom et al., 2009).  The 
observation of smaller focal adhesions on the Halocynthia roretzi CNW surfaces could be due to 
the larger features on these surfaces that were not present on the surfaces prepared from the 
narrower CNWs extracted from Ascidiella sp. 
In order to demonstrate the applicability of CNWs for tissue engineering applications, terminal 
differentiation of the myoblasts was induced by changing the growth medium formulation from high 
serum (GM-C2C12) to low serum (DM-C2C12).  This resulted in the expression of the transcription 
factor myogenin which regulates onset of terminal differentiation, and expression of MHC 
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accompanied by fusion to form multinucleated myotubes.  Nuclear expression of myogenin was 
observed on glass, PAHCl, and both C-500-12 and C-6000-12 surfaces prepared from Ascidiella 
sp. CNWs.  Qualitatively, however, no differences in the degree of expression were observed on 
the different surfaces.  This was confirmed by image analysis to calculate the fraction of myogenin 
positive nuclei which revealed no significant difference between the different surfaces.  However 
the myoblasts fused to form multinucleated myotubes with a significant degree of parallel 
orientation on the high orientation C-6000-12 and C-6000-20 surfaces prepared from Ascidiella sp. 
and Halocynthia roretzi respectively.  Conversely, a swirling pattern of myotubes was observed on 
the low orientation C-500-12 and C-500-20 surfaces and the glass and PAHCl controls.  This high 
degree of orientation was observed for a range of CNW adsorption densities and was even 
observed on the surfaces prepared with the lowest CNW concentration of only 4×10
-3
 % (w/w).  
The degree of myoblast fusion was determined by image analysis in order to calculate the 
myogenic index as a measure of the proportion of the total cells that had fused to form myotubes.  
Significantly greater fusion had occurred on the high orientation C-6000-12 surfaces compared to 
the glass and PAHCl controls. 
Oriented topography has been shown to induce orientation in myotubes in a variety of different 
materials (Gingras et al., 2009; Lam et al., 2006; Shimizu et al., 2009).  However there have been 
no examples of the culture of oriented myotubes on truly nanoscale topography published in the 
literature.  The degree of myoblast fusion to form myotubes was shown to be upregulated by 
oriented topography by Lam et al. (2006) and Wang et al. (2010) and on oriented fibrous scaffolds 
by Huang et al. (2006), Huber et al. (2007) and Aviss et al. (2010) (Aviss et al., 2010; Huang et al., 
2006; Huber et al., 2007; Lam et al., 2006; Wang et al., 2010).  No example could be found in the 
literature of quantification of myogenin expression alongside fusion on oriented topography.  
However, Melo et al. (1996) showed that in the absence of a suitable microenvironment (i.e. ECM), 
fusion of myoblasts to produce myotubes does not occur, but expression of the usual transcription 
factors is unaffected (Melo et al., 1996).  This possibly indicates that the expression of MRFs (for 
example myogenin) is not strongly affected by microenvironment characteristics such as 
topography but that the structural aspects of myogenesis (fusion and orientation) are strongly 
dependent on such environmental factors.  This supports the finding that myogenin expression was 
unaffected by the CNW surfaces but that fusion to form myotubes was upregulated on the oriented 
C-6000-12 surfaces. 
The myotubes formed on the high orientation CNW surfaces were almost perfectly oriented and a 
significant degree of myotube orientation was observed on even the low adsorption density C-
6000-4 surfaces, unlike for undifferentiated myoblasts which only adopted significantly oriented 
morphologies on the higher CNW density surfaces prepared with at least 6×10
-3
 % (w/w) CNW 
suspensions.  In order to investigate whether, upon differentiation, the myoblasts became more 
sensitive to topographical cues, sparsely seeded myoblasts were cultured on the CNW surfaces 
under either growth conditions (GM-C2C12) or differentiation conditions (DM-C2C12s) and the cell 
orientation distributions were measured after 24 hours.  There was no significant difference 
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between the two conditions and the cells adopted significantly oriented morphologies on the high 
orientation C-6000-12 surfaces under both growth and differentiation conditions.  It seems likely, 
therefore, that the enhanced orientation observed for myotubes relative to undifferentiated 
myoblasts, may be simply due to geometrical constraints on the very high aspect ratio myotubes 
which might act to exaggerate any contact guidance effect. 
Another hypothesis to explain the enhanced orientation of myotubes relative to myoblasts could be 
that the confluent monolayers of oriented cells secrete extracellular matrix in an oriented structure.  
In order to investigate this possibility, the deposition of fibronectin was investigated by 
immunocytochemistry.  Significant quantities of fibronectin had been deposited after just one day, 
but by four days the fibronectin had been remodelled into fibrillar structures.  On the high 
orientation C-6000-12 surfaces, the fibronectin fibrils were mainly oriented parallel to the radial 
axis, in line with the underlying CNW orientation and the orientation of the confluent cell cultures.  
The CNW surfaces in this case could be considered as templates to direct the remodelling of the 
extracellular matrix into an oriented structure.  Such matrix remodelling on oriented topographies 
has been reported previously in the literature (den Braber et al., 1998).  This approach, using 
nanoscale materials to direct the structural development of tissue-like material in vitro, is likely to 
be a significant methodology for tissue engineering as it allows the deposition of extracellular 
matrix without competition for space with the exogenous biomaterial. 
Although the possibility of tissue engineering skeletal muscle has been demonstrated using the 
immortalised mouse C2C12 myoblast cell line, real tissue engineering applications will require a 
source of primary human cells.  Adult stem cells such as hMSCs have been proposed as a source 
of readily available progenitors that are potentially capable of forming or regenerating skeletal 
muscle (Messina et al., 2008).  The CNW surfaces were therefore seeded with hMSCs in order to 
determine their potential to differentiate down the myogenic lineage and produce oriented 
myotubes.  The hMSCs were found to adhere to the CNW surfaces and displayed significant 
contact guidance, forming oriented morphologies on the high orientation C-6000-12 surfaces.  In 
addition the hMSCs apparently adopted more spindle-like elongated morphologies on both the 
CNW surfaces but not on the flat glass or PAHCL surfaces.  However no qualitative modulation of 
focal adhesion size or number was apparent on the different surfaces.  No evidence of 
spontaneous myogenic differentiation was observed (i.e. under growth medium conditions) and 
also no steroid mediated differentiation was observed, contrary to expectations based on examples 
in the literature.  In co-cultures of hMSCs with C2C12 myoblasts, however, some evidence of 
hMSC fusion into MHC positive myotubes was observed although in most fields of view no such 
fusion had occurred. 
Other demonstrations of hMSC contact guidance on oriented topography have been published 
(Yim et al., 2010) although no example of hMSC orientation on nanoscale topography as small as 
CNWs has yet been published.  This result demonstrates that the CNW surfaces not only induce 
contact guidance in the C2C12 cell line but also in primary human stem cells, paving the way for 
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the application of CNWs for tissue engineering.  Furthermore, the adoption of a more spindle-like 
elongated morphology was shown by Engler et al. (2006) to be a first step towards the myogenic 
differentiation of hMSCs in response to the biomaterial substrate.  The observation that the focal 
adhesions were not apparently modulated by the CNW surfaces is in keeping with the observations 
for C2C12s on the same surfaces. 
Spontaneous myogenic differentiation of hMSCs has been demonstrated on biomaterials by Engler 
et al. (2006) (collagen coated elastomeric gels) and by Dang and Leong (2007) (oriented fibrous 
scaffolds) (Dang and Leong, 2007; Engler et al., 2006).  In both cases, however, the materials had 
mechanical properties that were much less stiff than glass and that therefore better reflected the 
mechanical properties of the skeletal muscle niche.  It could be that the CNW surfaces supported 
on glass are simply too stiff for spontaneous myogenic differentiation to occur.  More surprising, 
however, was the observation that the steroid based myogenic induction medium also failed to 
induce myogenic differentiation of hMSCs contrary to the findings of Engler et al. (2006) who used 
this formulation as a positive control condition for myogenic differentiation and Zuk et al. (2001) 
and Gang et al. (2004) who also reported successful myogenic induction of adipose derived MSCs 
using this formulation (Gang et al., 2004; Zuk et al., 2001).  As no other example of myogenesis 
has been reported for bone marrow derived MSCs using this method and given the fact that the 
MSCs used by Engler et al. (2006) were isolated from bone marrow in house, it seems likely that 
the source tissue of the MSCs is of utmost importance for myogenic differentiation induced by 
steroids.  Further work using commercially available adipose derived MSCs is required in order to 
investigate this hypothesis. 
hMSCs have been shown in the literature to be capable of fusion with myotubes in vitro (Lee et al., 
2005).  It seems likely that biological factors exist that may either induce hMSCs to fuse or that 
firstly induce myogenic differentiation of hMSCs which is then followed subsequently by fusion.  
Although only a small fraction of the myotubes on the CNW surfaces were found to contain human 
nuclei from hMSCs, this nonetheless confirms that hMSCs are capable of fusion with C2C12 
myotubes.  Although too few hMSC fusion events had occurred to allow investigation of the effect 
of the CNW surfaces, the high degree of myotube orientation on the high orientation C-6000-12 
CNW surfaces was still observed as expected.  If some method can be found to increase the rate 
of hMSC fusion, or to remove the need for the C2C12s completely, then CNWs could provide a 
simple means of directing the morphological aspects of the myogenic differentiation of hMSCs.  
Further work to test the myogenic potential of hMSCs from other tissue sources and the addition of 
exogenous cytokines, as suggested by Gentile et al. (2011), is required to investigate this 
possibility (Gentile et al., 2011). 
In this project it has been assumed that the CNWs are stably adsorbed on the supporting surface 
and that the CNWs remain adsorbed throughout the cell culture experiments and indeed no 
evidence to the contrary has emerged.  Figure 3.9 shows an AFM topography image of a C2C12 
myoblast on a C-6000-20 surface, 12 hours after seeding.  The CNWs were clearly still adsorbed 
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on the surface after this culture period and there was no evidence of the CNWs detaching.  Having 
demonstrated the potential of CNWs for tissue engineering using adsorbed CNW surfaces 
however, the question of how CNWs may be applied in other ways to tissue engineering and 
biomedical applications naturally arises.  For example CNWs may be employed as a hydrogel to 
prepare three-dimensional tissue engineering scaffolds.  In this case it would be essential to 
determine the cytotoxicity of free CNWs in suspension as opposed to those adsorbed on a surface.  
In order to pave the way for such applications, the cytotoxicity of a range of CNW concentrations in 
suspension was determined for both C2C12 myoblasts and for J774A.1 macrophages.  The 
activation of the macrophages was also determined by a dichlorofluorescein assay for reactive 
oxygen species. 
From the observations of cell morphology, the CNW suspensions did not appear to be cytotoxic to 
the C2C12 myoblasts although a small degree of non dose-dependent cytotoxicity was apparent 
from the MTT viability assay.  Conversely, the CNW suspensions caused clear dose-dependent 
cytotoxicity for the J774A.1 macrophages that was also reflected in significantly greater spreading 
and clustering with increased dose.  The macrophages were also significantly activated according 
to the dichlorofluorescein assay when normalised to viability. 
Although the publication of the preliminary results from this project was the first example of CNWs 
applied to tissue engineering (Dugan et al., 2010), there have been a small number of studies 
published by other groups on using CNW suspensions in potential drug delivery or cell targeting 
applications (Mahmoud et al., 2010; Roman et al., 2009).  Roman et al. (2009) showed that CNWs 
labelled with fluorescein were not cytotoxic and Mahmoud et al. (2010) showed that CNWs labelled 
with fluorescein and rhodamine varied in cytotoxicity depending on which fluorophore (and 
therefore which surface charge) was conjugated to the whiskers with the negatively charged 
fluorescein CNWs having a low cytotoxicity.  These studies agree with the observation that CNWs 
do not induce significant cytotoxicity in C2C12 myoblasts.  Until very recently (Clift et al., 2011) no 
demonstration of the immunogenicity of CNWs had ever been published.  Clift et al. (2011) found 
that CNWs from wood induced frustrated phagocytosis and activation in macrophages.  It is known 
that cytotoxicity of high aspect ratio nanoparticles and the onset of frustrated phagocytosis 
increases with length and aspect ratio of the nanoparticles (Poland et al., 2008).  As the CNWs 
from tunicates are longer than the CNWs from cotton used in the study by Clift et al. (2011) it would 
therefore be expected that the tunicate CNWs would induce activation of macrophages.  Most 
health concerns about the toxicity of nanoparticles are focussed on inorganic materials, the fate of 
which in vivo is not entirely clear (Krug and Wick, 2011).  Cellulose, however, is clearly an organic 
material and although cellulose may not be degraded enzymatically in vivo due to the lack of 
cellulases in most animals, it is known to be degraded oxidatively (Wertz et al., 2010).  It may 
therefore be possible to modulate the fate of cellulose nanowhiskers in vivo by surface 
functionalization in order to either elicit or prevent the activation macrophages.  The effect of 
immobilising the CNWs either in a hydrogel or on flat surfaces, as demonstrated here, has not 
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been demonstrated with respect to macrophage activation.  Further work is therefore required in 
order to determine the specific circumstances in which CNWs may elicit an immune response. 
The CNW suspensions had apparently flocculated to a certain extent in the high salt content of the 
cell growth medium.  This is most likely due to shielding of the CNW surface charge by the 
dissolved electrolytes, reducing the stability of the colloidal CNW suspensions.  Qualitatively the 
degree of flocculation was lower than the positive control so it is likely that a proportion of the 
CNWs remained in colloidal suspension.  No attempts to stabilise the CNW suspensions in growth 
medium were reported in any of the published literature on CNW cytotoxicity.  For potential drug 
delivery or cell targeting applications in vivo however, it will be necessary to stabilise the CNWs by 
some means such as surfactant adsorption. 
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5 Conclusions 
Negatively charged CNWs with a mean diameter of 6.6 nm were prepared from the tunicate 
Ascidiella sp. for the first time.  Spin coating was demonstrated as a suitable technique for 
preparing reproducible and homogeneous surfaces of adsorbed CNWs suitable as cell culture 
substrates.  Furthermore, the radial shear flow inherent in the spin coating process resulted in a 
significant degree of CNW orientation.  The degree of orientation and the degree of CNW 
deposition could be modulated very simply by altering the spin speed of the spin coater and the 
concentration of the CNW suspension.  This method is promising as a low cost and facile means of 
preparing cell culture substrates with tuneable surface topography. 
The CNW surfaces supported the adhesion, spreading and proliferation of C2C12 myoblasts.  
Furthermore, both cell spreading and proliferation were upregulated on the CNW surfaces relative 
to glass control surfaces, confirming the biocompatibility of cellulose.  The oriented nanoscale 
topography of the CNW surfaces induced contact guidance in C2C12 myoblasts, resulting in a 
more oriented average cell morphology which was shown to be tuneable by altering the degree of 
CNW orientation and adsorption.  This was a remarkable finding given that the surfaces prepared 
from CNWs extracted from Ascidiella sp. had a mean height of only 5.5 nm and virtually no 
features exceeding 15 nm in height.  The CNWs deposited on the surfaces are therefore some of 
the smallest topographical features ever demonstrated to induce contact guidance in animal cells. 
Upon induction of terminal differentiation, the C2C12 myoblasts fused to form myotubes which 
were almost perfectly oriented on the high orientation CNW surfaces.  Furthermore the oriented 
CNW topography increased the degree of myoblast fusion and expression of the muscle-specific 
protein MHC relative to the flat control surfaces.  This was the first demonstration that CNWs are a 
suitable material for producing tissue engineering scaffolds and clearly showed that the properties 
of CNWs are well suited for directing the terminal differentiation of mammalian cells to produce 
tissue-like structures that better resemble native tissue. 
In addition to directing the terminal differentiation of the immortal C2C12 myoblast cell line, the 
CNW surfaces were also shown to support the adhesion and spreading of primary human stem 
cells.  hMSCs exhibited contact guidance on the highly oriented CNW surfaces, adopting oriented 
morphologies on the highly oriented CNW surfaces in much the same way as the C2C12 
myoblasts.  Evidence of hMSC fusion with C2C12 myotubes during co-culture experiments 
illustrated the potential of hMSCs for tissue engineering skeletal muscle.  With further work the 
myogenic differentiation of hMSCs could be optimised to allow the culture of highly oriented human 
myotubes on the CNW surfaces for tissue engineering skeletal muscle.  hMSCs could be a plentiful 
and readily available source of cells for tissue engineering. 
CNW suspensions were shown to be non-cytotoxic to C2C12 myoblasts but showed a significant 
degree of cytotoxicity for J774A.1 macrophages.  The macrophage cytotoxicity was accompanied 
by a significant degree of apparent macrophage activation which was confirmed by an assay for 
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reactive oxygen species.  As the macrophage cytotoxicity and activation were both shown to be 
dose dependent, it is likely that the biocompatibility of CNWs may be modulated depending on the 
mode of application.  Although macrophage activation is not particularly desirable for tissue 
engineering applications, it may provide some evidence of the potential fate of CNWs in vivo.  
Further work is required in order to apply CNWs to tissue engineering in a three-dimensional format 
and to investigate the biocompatibility of CNWs in a variety of contexts. 
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6 Future Work 
1) Determine the nature of the interaction between focal adhesions and the CNW surfaces by 
simultaneous imaging.  Use techniques such as ultrasonic de-roofing to allow the 
simultaneous imaging of CNWs and focal adhesions by AFM.  Alternatively use a suitable 
fluorescent probe to label the CNWs to allow imaging by total internal reflectance fluorescence 
microscopy. 
2) Confirm the underlying cause of the contact guidance effect observed on the CNW surfaces.  
Chemically homogeneous topography could be prepared from CNWs by using a colloidal-
lithography technique which would allow the cause of the contact guidance to be identified as 
either chemical or topographical cues. 
3) Investigate the adsorption of serum proteins on the CNW surfaces.  Determine the spatial 
distribution of proteins such as soluble fibronectin and albumin using techniques such as 
immuno-AFM and total internal reflectance fluorescence microscopy. 
4) Investigate the deposition of other extracellular matrix components at later time points.  For 
example the deposition of lamin indicating the assembly of a basement membrane or the 
deposition of collagen fibrils. 
5) Optimise the fusion of hMSCs with C2C12 myotubes by investigating the effect of passage 
number and the addition of exogenous factors such as Il-4 or Il-13. 
6) Investigate the myogenic potential of other adult stem cells such as adipose MSCs, placenta 
derived stem cells, umbilical matrix mesenchymal stem cells and pericytes.  Initially 
investigate the fusion of stem cells in co-cultures with C2C12 myoblasts but also investigate 
the effect of tissue-conditioned growth media and pharmacological agents. 
7) Further characterize the response of macrophages to CNWs.  Confirm macrophage activation 
by assaying the release of proinflammatory cytokines and determine the fate of CNWs using 
TEM tomography and fluorescent labelling.  Also investigate the importance of context by 
comparing the immunogenicity of CNWs in suspension to those adsorbed on surfaces and 
chemically crosslinked in hydrogels. 
8) Develop a three-dimensional tissue engineering scaffold from CNWs.  Produce hydrogels 
either directly from CNW suspensions by chemical crosslinking or use CNWs to modulate the 
mechanical properties and structure of other hydrogels.  Investigate biocompatibility and 
potential as tissue engineering scaffolds. 
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